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vSUMMARY
In dividing cells, events related to cytoskeletal structures, membrane trafficking and
in plant and fungal species cell wall remodelling have to be coordinated precisely.
Although the importance of each for cell division is widely acknowledged, the degree
to which their individual contributions are understood varies, and knowledge about
their interactions is limited.
In this study, evidence is presented for the existence of sterol-rich domains in the
plasma membrane of fission yeast cells. They localise to the growing cell ends and
the middle of dividing cells in a manner dependent on the cell cycle and a functional
secretory pathway. Moreover, sterol-rich membrane domains play an important role
in formation and maintenance of the actomyosin ring.
Thereafter, it is shown that several proteins known to be involved in cell division
processes display varying degrees of membrane association. Most notably, the FCH-
domain protein Cdc15p has a pool of about 40% of its total cellular amount associated
with membranes, and it is predominantly this membrane bound pool that becomes
hypophosphorylated during cytokinesis.
Finally, detailed investigation of the role of Cdc15p in actomyosin ring formation at
different stages of mitosis has revealed that Cdc15p contributes to ring assembly at
early and late stages of division. It is however only essential for ring formation at late
stages since there exists an alternative, Mid1p-dependent pathway for ring assembly
that is active at early stages. Hypophosphorylation of Cdc15p during cell division
vi
occurs in at least two distinct steps and is partially mediated through the phosphatase
Clp1p/Flp1p.
By analysing the importance of specialised membrane structures for cell division and
by defining the contribution of a cytokinetic protein, here shown to be membrane
associated, to actomyosin ring assembly and maintenance at different stages of
mitosis, we provide new insight into the roles of lipids and proteins and their
relationship during cellular growth and division. This should aid the next steps of
improving our understanding of the interactions between cytoskeletal and membrane
structures that are necessary in order to ensure the accurate partition of dividing cells.
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11  Introduction
1.1  Lateral heterogeneity in cellular membranes
1.1.1  Cellular membranes
Membranes of bacterial and eukaryotic cells are mixtures of lipids and proteins. The
amphipathic nature of these lipids leads to the formation of a bilayer of lipid
molecules with their hydrophobic tails facing inward and their hydrophilic head
groups facing toward the aqueous environment. Since free edges of such a bilayer (i.e.
hydrophobic tails exposed to the aqueous environment) are energetically unfavoured,
lipid bilayers form sealed compartments. This basic property of lipid molecules is the
prerequisite for the formation of vesicles as well as of the cell itself (Alberts et al.,
2002; Bretscher, 1985).
The formation of vesicles surrounded by a selectively permeable lipid bilayer allows
for the division of reaction spaces such as cell vs. environment, cytosol vs. lumen of a
vesicle or organelle, etc. Such spaces may have different chemical and biochemical
properties, e.g. pH, redox potential, concentration of proteins and other molecules.
Moreover, ion gradients may be built up across membranes allowing for storage of
energy for subsequent biochemical and biophysical processes. Importantly,
membranes also serve as a scaffold for protein-protein interactions (Alberts et al.,
2002).
2According to their attachment to the membrane, proteins are grouped into integral,
peripheral and lipid-anchored membrane proteins. 20-30% of all genes in a typical
cell code for integral membrane proteins, thus a great variety of proteins can be found
on any given membrane (Alberts et al., 2002; Singer and Nicolson, 1972; Wallin and
von Heijne, 1998).
Proteins carry out a multitude of different functions in the cell. Therefore, it has been
assumed that the functional properties of a membrane depend on the composition of
proteins in this membrane. More recently, however, this view has changed to
acknowledge the role of lipids as well: it has been proposed that the lipid composition
of a membrane can also influence its characteristics, either through selective
recruitment of certain proteins to a particular lipid environment (Simons and Ikonen,
1997), or through functional traits of particular lipid molecules such as
phosphoinositides (Leevers et al., 1999) or phosphatidylethanolamine (Emoto et al.,
1996; Emoto and Umeda, 2000). Interestingly, some studies highlight the functional
importance of phosphoinositides and kinases involved in their phosphorylation for
cytokinesis in the fission yeast Schizosaccharomyces pombe (Desautels et al., 2001;
Zhang et al., 2000).
Compared to the variety of membrane proteins, the number of lipid building blocks is
more limited: most lipids belong to the class of glycerophospholipids which is
specified by a glycerol backbone connecting a characteristic short polar headgroup
(through a phosphodiester bond) and two long hydrophobic acyl chains (through ester
bonds). Typically, one of the acyl chains is unsaturated, i.e. it has at least one double
bond in its carbon chain. This introduces a kink into the otherwise straight molecule.
3Both the introduction of such kinks as well as the length of the acyl chains affect the
van-der-Waals forces between the lipid molecules; the van-der-Waals forces in turn
influence the fluidity of the membrane. Other lipid components of the membrane,
besides the above mentioned phosphoinositides, are sterols, sphingolipids and
glycolipids. These molecules decrease the fluidity of the membrane due to their rigid
ring structures as is the case for sterols, or due to their very long and saturated acyl
chains as is the case for sphingo- and glycolipids (Alberts et al., 2002; Bretscher,
1985; Simons and Ikonen, 1997).
1.1.2  Lateral heterogeneity of membranes
The different characteristics of lipid and protein molecules influence the properties of
the membrane that is made up of them. In line with increasing knowledge about
cellular membranes as well as progress in technologies used to study membranes,
models of how membranes are organised have become increasingly refined. Initially
proposed to be a rather homogenous outer boundary of the cell, studies of membrane
proteins and lipids as well as thermodynamic considerations led to the notion of the
membrane being a two-dimensional fluid mosaic of lipids and different proteins
which diffuse freely in the plane of the membrane (Singer and Nicolson, 1972).
However, the diffusion of proteins (and certain lipids) has later been found to be
restricted, effectively making their distribution in the plane of the membrane
heterogeneous (Edidin, 1992; Jacobson et al., 1995).
4Such a lateral heterogeneity of the membrane has for some cases been attributed to
the underlying cortical cytoskeleton which may confine the area in which proteins can
freely diffuse through interactions with their cytoplasmic domains (Kusumi et al.,
1993; Pumplin and Bloch, 1993). Division of the membrane into different sectors is
also achieved through protein barriers within the membrane, such as tight junctions
which help to maintain the apical-basolateral membrane polarity in epithelial cells
(Bretscher, 1985; Rodriguez-Boulan and Nelson, 1989) or septins which have been
implicated in separating the plasma membrane domains of mother cell and bud in
Saccharomyces cerevisiae (Barral et al., 2000; Takizawa et al., 2000) as well as in
retention of proteins at the site of cell division in budding yeast and mammalian cells
(Dobbelaere and Barral, 2004; Schmidt and Nichols, 2004). On the other hand, it has
been proposed that heterogeneity of membranes may be mediated through
energetically preferred lipid-lipid and lipid-protein interactions in the membrane
itself. Such membrane microdomains, termed lipid rafts, are thought to provide a
structural framework for interactions amongst a subset of proteins by preferentially
incorporating specific proteins while excluding others (Brown and London, 1998;
Simons and Ikonen, 1997). Thus, incorporation into lipid rafts would lead to close
proximity of a subset of proteins and may therefore facilitate their interaction.
Moreover, concentration of lipid rafts in distinct areas of the plasma membrane would
consequentially bring about the polarised distribution of proteins that associate with
lipid rafts.
Lipid rafts have been proposed to be rich in sphingolipids and sterols, such as
cholesterol in mammalian cells or ergosterol in yeast. The van-der-Waals forces
between the long, saturated acyl chains of sphingolipids and the relatively rigid ring
5structure of sterol molecules (that are thought to intercalate in the void spaces
between neighbouring sphingolipid molecules) may be large enough for temporary
phase transitions into a lipid-ordered phase (as opposed to the lipid-disordered phase
of the non-lipid-raft membrane) (Brown and London, 1998; Simons and Ikonen,
1997). This transient lipid-ordered structure as well as the comparatively higher
thickness of raft membranes may lead to the recruitment of proteins that prefer such a
lipid environment, e.g. due to covalently attached modification of proteins such as
lipid- or glycosylphosphatidylinositol (GPI)-anchoring, or due to longer
transmembrane domains (Brown and Rose, 1992; Casey, 1995; Kundu et al., 1996;
Moffett et al., 2000). While lipid rafts were initially thought to be rather stable and
large domains, recent data indicate that microdomains are intrinsically unstable (<0.1
ms) and very small (<10 nm) although they may be stabilised by the presence of
proteins that associate with them (Hancock, 2006).
1.1.3  Lipid rafts and detergent-resistant membranes
Lipid rafts have initially been biochemically defined by their resistance to
solubilisation in cold non-ionic detergents (Brown and Rose, 1992; Rajendran and
Simons, 2005), hence the more specific terms detergent-resistant membranes (DRMs)
and detergent-insoluble glycolipid-enriched domains (DIGs) have been introduced
(Parton and Simons, 1995). However, specific criteria such as insolubility in 1%
Triton X-100 at 4°C are arbitrary, and reports have argued that detergent treatment
may actually induce formation of the domains that are to be purified by this
methodology (Heerklotz, 2002). Moreover, studies comparing various detergents
6have shown that they have different effects on the solubility of different raft markers
(Schuck et al., 2003). Thus, how DRMs relate to lipid rafts and whether lipid rafts
actually exist in functional membranes has been subject of ongoing debate (Munro,
2003). Clearly, DRMs do not simply equate to lipid rafts in their native state where,
through their chemical and physical properties, rafts are thought to accommodate a
specific subset of membrane proteins thereby facilitating functional differentiation of
the membrane (Rajendran and Simons, 2005). However, since many published studies
of membrane microdomain function have used detergent insolubility as an analytical
tool (see next paragraph) and the finding that sterols are enriched in DRMs appears
unchallenged (Bagnat et al., 2000; Brown and Rose, 1992), we have summarised
several findings below in spite of reservations regarding the equivalence of DRMs
and functional lipid rafts.
Sterol-rich membrane domains that are insoluble in cold non-ionic detergents have
been implicated in sorting, trafficking, polarity, actin cytoskeletal function and
signalling events in mammalian cells (Brown and London, 1998; Caroni, 2001;
Ikonen, 2001; Martin, 2001; Oliferenko et al., 1999; Simons and Ikonen, 1997) and
may also be important for proper targeting of the growth and division machinery.
Studies in T cells and neutrophils have shown that detergent-resistant membrane
domains accumulate in distinct areas of the plasma membrane during polarisation of
these cells (Gomez-Mouton et al., 2001; Seveau et al., 2001). Detergent-resistant
membrane fractions have also been isolated from yeast species such as S. cerevisiae,
S. pombe and Candida albicans (Bagnat et al., 2000; Kubler et al., 1996; Martin and
Konopka, 2004; Takeda et al., 2004; Takeda and Chang, 2005). Sphingolipids and
ergosterol, the major sterol in yeast (Harmouch et al., 1995), were shown to be
7detergent-resistant lipid components in S. cerevisiae (Bagnat et al., 2000). Hence,
sterol enrichment could provide a means of polarising the plasma membrane of yeast
cells and partitioning it into domains with different properties. However, an additional
level of complexity is suggested by the finding that two proteins residing in non-
overlapping, separate microdomains in the plasma membrane of S. cerevisiae are both
detergent-insoluble (Malinska et al., 2003) indicating that there may be more than one
type of lipid rafts present in yeast cells. This interpretation would require that proteins
selectively recruit lipids to their environment, and not vice versa, since the model of
lipid raft formation as separation of two lipid phases (ordered and disordered) in the
membrane would only explain one type of raft (Lichtenberg et al., 2005).
In this study, we have made use of fission yeast as a genetically tractable model
organism to investigate membrane heterogeneities. Besides being well suited for
methods of cell biology and biochemistry and having a sequenced genome (Wood et
al., 2002), S. pombe cells exhibit intrinsic polarity due to their growth pattern (Verde,
2001). The separation of the fission yeast plasma membrane into sterol-rich and
sterol-poor domains (described in chapter 3) has allowed for the analysis of their cell
cycle-dependent distribution, their dependency on a functional secretory pathway and
their importance for cell division.
Several related findings have been published after the work on sterol-rich membrane
domains described in this thesis was completed. They are discussed in chapter 3.7.
81.2  Schizosaccharomyces pombe Cdc15p, an FCH-domain protein essential for
cell division
1.2.1  Cell division in fission yeast
Cell division requires the duplication of chromosomes, followed by the segregation of
sister chromatids, and finally cytokinesis, the physical separation of the cytoplasm.
These processes must be tightly regulated in a temporal (only one event each per cell
cycle, in the proper sequential order) and spatial manner (after separation each
cytoplasm must have one set of chromosomes) (Balasubramanian et al., 2000). For
the study of the cell cycle and especially of cytokinesis, the fission yeast S. pombe has
emerged as a suitable model organism because it is amenable to molecular and cell
biology as well as genetics, it has a rapid life cycle, a sequenced genome, and most
importantly, S. pombe divides by medial fission through a contractile actomyosin ring
similar to animal cells. Concomitant with actomyosin ring constriction, in S. pombe a
primary septum is deposited between the newly formed cell ends, followed by
deposition of a secondary septum and cleavage of the primary septum separating the
two daughter cells from each other (Chang, 2001). To date it is not clear if the
actomyosin ring contracts and actively pulls the plasma membrane inwards, or if the
actomyosin ring is pushed by the ongoing deposition of septum material in the plasma
membrane invaginations following the constricting ring. However, in both cases one
would expect a linking molecule to be present which anchors the actomyosin ring in
the plasma membrane. Although various proteins have been identified which localise
to the medial site of the cell prior to cytokinesis and/or are an integral part of the
actomyosin ring (Feierbach and Chang, 2001), to my knowledge no protein has been
9described so far to show a combination of properties expected by a protein linking the
ring to the membrane (i.e. transmembrane or lipid/GPI-anchored protein which
interacts with components of the actomyosin ring; mutants exhibit phenotypes in ring
assembly, maintenance and/or positioning).
The formation of a contractile actomyosin-based ring is a key feature of cytokinesis
that is conserved from yeast to mammals (Balasubramanian et al., 2004). Depending
on the cell type studied, the actomyosin ring has different functions including force
generation and targeted membrane addition. In fission yeast, the actomyosin ring is
assembled upon entry into mitosis when its various components are recruited to the
ring in a sequential manner (Rajagopalan et al., 2003; Wolfe and Gould, 2005; Wu et
al., 2003). The future division site is determined even earlier, in the G2 phase of the
cell cycle, by localisation of anillin-related Mid1p to a cortical band that overlays the
interphase nucleus (Sohrmann et al., 1996; Wu et al., 2003). The actomyosin ring is
maintained through anaphase and begins constriction only after nuclear segregation to
the cell ends in order to ensure faithful separation of the genetic material (Wolfe and
Gould, 2005). In S. pombe, the actomyosin ring is essential for cytokinesis. This has
allowed for isolation of mutants that are defective in assembly or maintenance of the
ring and hence display cell division arrest phenotypes, i.e. they fail to lay down a
division septum and form elongated multinucleate cells. Such genetic screens have
yielded several temperature-sensitive alleles of the cdc15 gene (Balasubramanian et
al., 1998; Chang et al., 1996; Nurse et al., 1976).
1.2.2  The FCH-domain protein Cdc15p
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Cdc15p is the founding member of a protein family characterised by a FER/CIP4-
homology (FCH-) domain at the N-terminus (also named PCH-domain for pombe
cdc15 homology) followed by a coiled-coil region, a PEST-motif and an SH3-domain
(src homology) at the C-terminus. Homologues have been identified in various
organisms including budding yeast, chicken, mouse and human (Fankhauser et al.,
1995; Lippincott and Li, 2000). In S. pombe, Cdc15p itself localises to the actomyosin
ring during cell division while it is found in patches concentrated at the cell tips
during interphase (Carnahan and Gould, 2003; Fankhauser et al., 1995). Cdc15p may
be regulated at multiple levels: its promoter contains a PCB-motif (pombe cell cycle
box) that has been shown to be important for the transcriptional upregulation of
several proteins during M phase (Anderson et al., 2002; Utzig et al., 2000). The
PEST-motif may contribute to changes in the protein stability of Cdc15p (Lippincott
and Li, 2000) as has been shown for the budding yeast orthologue Hof1p/Cyk2p
(Blondel et al., 2005). Interestingly, upregulation of cdc15+ during cell division can
be detected at the mRNA as well as the protein level (Fankhauser et al., 1995).
Periodic accumulation of cdc15+ mRNA has been shown to depend on the
transcription factors sep1+ and fkh2+ (Buck et al., 2004; Bulmer et al., 2004; Zilahi et
al., 2000) although accumulation at the transcript level is not essential for septum
formation (Utzig et al., 2000). Finally, its activity may be regulated by
posttranslational modifications: Cdc15p is hyperphosphorylated in interphase and
hypophosphorylated in dividing cells (Fankhauser et al., 1995).
Another FCH-domain protein in S. pombe, Imp2p, localises to the actomyosin ring,
too, but its overexpression and deletion phenotypes suggest that it is involved in
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destabilisation rather than formation of the ring (Demeter and Sazer, 1998).
Mammalian homologues of Cdc15p, such as proline, serine, threonine phosphatase
interacting proteins (PSTPIP) and Toca-1, colocalise with the cortical actin
cytoskeleton including the cleavage furrow and/or appear to be involved in regulation
of the actin cytoskeleton through the Arp2/3 activator WASP (Ho et al., 2004;
Spencer et al., 1997; Wu et al., 1998a; Wu et al., 1998b). The S. cerevisiae orthologue
Hof1p/Cyk2p shows functional similarity to Cdc15p: cytokinesis is compromised in
hof1 null mutants at lower temperatures and fails at higher temperatures, Hof1p
localises to the bud neck, and it interacts with the formin homology domains of Bni1p
and Bnr1p (Kamei et al., 1998; Lippincott and Li, 1998; Vallen et al., 2000).
However, it is unlikely that Cdc15p simply mimics the role of Hof1p since
overexpression of HOF1, while rescuing the cytokinesis defect of an iqg1 null
mutant, does not restore actomyosin rings (Korinek et al., 2000). In contrast,
overexpression of cdc15+ leads to formation of medial F-actin structures (Fankhauser
et al., 1995). In addition, Hof1p is hyperphosphorylated during cytokinesis whereas
Cdc15p is hypophosphorylated (Fankhauser et al., 1995; Vallen et al., 2000).
1.2.3  The role of Cdc15p in actomyosin ring formation
Several studies have examined the mutant phenotype of cdc15 with respect to the
ability to form an actomyosin ring. This has led to conflicting results that may be due
to differing experimental designs, e.g. use of synchronous vs. asynchronous cultures,
different mutant alleles, different markers for the actomyosin ring or sensitivity of the
assays (Arai and Mabuchi, 2002; Balasubramanian et al., 1998; Carnahan and Gould,
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2003; Chang et al., 1996; Fankhauser et al., 1995). Using rhodamin-conjugated
phalloidin to visualise F-actin in cdc15-140 mutant cells, Fankhauser et al. (1995)
noted infrequent formation of actin rings (ca. 5% of wild-type) that showed fainter
staining than wild-type cells. Applying the same probe to another allele, cdc15-287,
Chang et al. (1996) observed up to 20% of mitotic cells with faint actin rings but
attributed this to incomplete penetrance. Carnahan and Gould (2003) report detection
of poorly organised and incomplete actin rings in less than 2% of cdc15-140 mutant
cells, but they did not detect any rings with Alexa 488-conjugated phalloidin in
cdc15Δ cells. While all of the above mentioned studies used asynchronous cultures
that had been shifted to the restrictive temperature for varying periods of time,
Balsubramanian et al. (1998) detected actin rings in mitotic cdc15-A5 cells as well as
in dividing cdc15-140 cells obtained from synchronous cultures using rhodamin-
conjugated phalloidin and α-Cdc4p antibodies to detect F-actin and myosin II,
respectively. Similarly, Arai and Mabuchi (2002) observed Bodipy-phallacidin
stained F-actin rings in mitotic cdc15-140 cells whose cell-cycle stage was
determined by costaining for a spindle pole body marker. These authors noted that
while cdc15-140 mutant cells were capable of assembling distorted F-actin rings
comparable to those in anaphase A wild-type cells, they failed to form fully
compacted and constricting rings as seen in wild-type cells from anaphase B onwards.
However, it appears unambiguous that Cdc15p promotes medial F-actin assembly
since overexpression of cdc15+ during interphase results in ectopic formation of F-
actin structures in the middle of the cell (Fankhauser et al., 1995) and cdc15 mutant
cells fail to relocalise actin patches to the division site (Balasubramanian et al., 1998).
The role of Cdc15p in the rearrangement of F-actin may be mediated by its ability to
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recruit F-actin nucleation pathways to the site of cell division. The activators of the
Arp2/3 complex Myo1p (type I myosin), Wsp1p (Wiskott Aldrich Syndrome protein
(WASP) homologue) and Vrp1p (homologue of verprolin/WASP interacting protein
(WIP)) fail to localise to the medial region in a cdc15 mutant, and Myo1p has also
been shown to interact directly with Cdc15p. Moreover, Cdc15p colocalises with the
formin Cdc12p in a medial spot and in the actomyosin ring, and these two proteins
exhibit direct interaction (Carnahan and Gould, 2003). Cdc15p has also been shown
to organise sterol-rich membrane domains (Takeda et al., 2004) although how these
domains function in actomyosin ring maintenance is presently unclear.
The septation initiation network (SIN) is a signalling cascade that becomes activated
in anaphase upon cyclin B degradation and is related to the mitotic exit network
(MEN) in the budding yeast S. cerevisiae. It comprises a small GTPase, several
protein kinases as well as regulatory and scaffolding proteins (Krapp et al., 2004). In
addition, the protein phosphatase Clp1p (also termed Flp1p) has been identified as a
non-essential component of the SIN under normal conditions but becomes important
for cell survival upon perturbations to the cytokinetic machinery (Cueille et al., 2001;
Mishra et al., 2004; Trautmann et al., 2001). The SIN appears to provide a link
between cell cycle progression, actomyosin ring stability upon mitotic exit, and
division septum assembly. As a result, SIN mutants do not assemble division septa
due to the unstable nature of the actomyosin ring as well as the requirement for SIN
signalling in septum assembly. How the SIN affects actomyosin ring stability and
septum assembly is currently unclear. Interestingly, genetic analysis of the
interactions between cdc15 and components of the SIN suggests that the SIN may
regulate the function of Cdc15p (Marks et al., 1992).
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Its above mentioned properties in regulation of the F-actin cytoskeleton as well as our
results on its membrane association (see chapter 4.2) make cdc15+ a very interesting
gene for the study of its role in cytokinesis in S. pombe (see chapter 5).
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2  Materials and Methods
2.1  Media and cell culture
Media for cell culture were as described previously (Moreno et al., 1991). Growth
temperatures were 24°C (permissive) and 36°C (restrictive) for temperature-sensitive
strains, 30°C (permissive) and 18°C (restrictive) for cold-sensitive strains and 30°C
for all other strains, unless indicated otherwise. Synchronisation of cdc25-22 strains at
the G2/M boundary was achieved by incubation at the restrictive temperature for four
hours. Cells were arrested in S phase by addition of hydroxyurea (HU; Sigma, St.
Louis, MO, USA) to 12 mM final concentration to the medium followed by the same
amount of HU after four hours.
2.2  Fluorescence microscopy
2.2.1  Fluorescence microscopy of live cells
Filipin was purchased from Polysciences (Warrington, PA, USA), dissolved in
dimethyl sulfoxide (DMSO) and used at a final concentration of 5 µg/ml. For staining
purposes, filipin was added to the medium and live cells were observed immediately.
Filipin treatment for disruption of sterol-rich membrane domains was carried out for
one hour. Thiabendazole (TBZ) and Brefeldin A (BFA) were purchased from Sigma.
Latrunculin A (LatA) was purchased from Molecular Probes (Eugene, OR, USA).
Fluorescence microscopy of filipin or GFP-epifluorescence was done with a Leica
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DMLB microscope (Deerfield, IL, USA) and appropriate sets of filters. Images were
captured using an Optronics DEI-750T cooled CCD camera and Leica QWIN
software. Image processing was done on Adobe PhotoShop 5.5. Quantitative data are
based on at least two independent experiments and counting of min. 800 cells per
sample. Error bars represent standard deviations.
2.2.2  Fluorescence microscopy of fixed cells
For fluorescence microscopy, cells were fixed with 7% formaldehyde. We either
observed GFP-epifluorescence or processed cells for immunostaining as described
previously (Balasubramanian et al., 1997). We visualised DNA with DAPI (Sigma),
and F-actin with Alexa 488-conjugated phalloidin (Molecular Probes). Fluorescence
microscopy was done with Leica DMLB, DMIRE2 or Olympus IX71 (Melville, NY,
USA) microscopes and appropriate sets of filters. Images were captured using
Photometrics CoolSNAP ES or HQ cameras (Tucson, AZ, USA) and MetaVue or
MetaMorph software (Universal Imaging Corp, West Chester, PA, USA).
Quantitative data are based on counting of at least 200 cells per sample unless
otherwise stated. Error bars represent standard deviations.
2.3  Protein molecular biology
Cells were lysed by beating with glass beads in the presence of TNE buffer (50 mM
Tris-HCl pH 7.4, 150 mM NaCl, 5 mM EDTA, 1 mM PMSF, supplemented with
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protease inhibitors (Complete EDTA-free; Roche Diagnostics, Basel, Switzerland)).
The lysate was cleared from cell wall debris by low-speed centrifugation (200 x g).
Total protein lysates were prepared by addition of 2x Laemmli sample buffer and
dithiothreitol (Harlow and Lane, 1988). Protein concentration was determined using
amidoblack (Popov et al., 1975) against bovine serum albumin as a standard. For
Western blotting, unless stated otherwise, equal amounts (µg) of total protein were
separated on SDS-polyacrylamide gels of appropriate concentration (Laemmli, 1970)
and blotted on PVDF membrane (Millipore, Bedford, MA, USA).
For floatations, total proteins were extracted in 300 µl TNE buffer. The lysate was
cleared from cell wall debris by low-speed centrifugation (200 x g). To the
supernatant, Optiprep (Axis-Shield, Oslo, Norway) was added to a final concentration
of 40%, overlaid by 1300 µl of 30% Optiprep in TNE and 100 µl TNE. Samples were
centrifuged for 2 h at 55000 rpm at 4°C in a Beckman TLS55 rotor (Fullerton, CA,
USA), and six equal fractions were collected from top to bottom of the gradient.
Proteins were precipitated using methanol/chloroform (Wessel and Flugge, 1984),
and the pellets were dissolved in Laemmli sample buffer (Harlow and Lane, 1988).
For Western blotting, equal volumes of each fraction were separated on SDS-
polyacrylamide gels of appropriate concentration and blotted on PVDF membrane.
To purify DRMs, cleared cell lysates were incubated in TNE buffer with 1% Triton
X-100 on ice for 30 min. Floatations were then carried out as described above in the
presence of 1% Triton X-100 in all steps of the gradient.
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NIH Image (NIH, Bethesda, MD, USA) was used for quantitation of protein levels
after immunoblotting.
2.3.1  Antibodies
The following antibodies were used for immunostaining of fixed cells and
immunoblotting of PVDF membranes:
Primary antibodies:
• goat α-actin (Karpova et al., 1993)
• rabbit α-Arp3p (McCollum et al., 1996)
• rabbit α-Cdc3p (Balasubramanian et al., 1994)
• rabbit α-Cdc4p (McCollum et al., 1995)
• rabbit α-Cdc8p (Balasubramanian et al., 1992)
• rabbit α-GFP (Molecular Probes)
• mouse α-HA (Roche Diagnostics, Basel, Switzerland)
• rabbit α-Myo2p (Naqvi et al., 1999)
• rabbit α-Pma1p (Serrano et al., 1993)
• mouse α-TAT1 (a kind gift of Dr Keith Gull)
Secondary antibodies:
• Alexa 488-conjugated goat α-rabbit (Molecular Probes)
• Alexa 594-conjugated goat α-mouse (Molecular Probes)
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• horseradish peroxidase-conjugated donkey α-mouse (Jackson Immuno
Research, West Grove, PA, USA)
• horseradish peroxidase-conjugated donkey α-rabbit (Jackson Immuno
Research)
• horseradish peroxidase-conjugated rabbit α-goat (DakoCytomation, Glostrup,
Denmark)
2.4  Mass spectrometry
Total protein lysates were separated on large SDS-polyacrylamide gels of appropriate
concentration and stained with colloidal Coomassie (Pierce, Rockford, IL, USA).
Bands were cut out and proteins were reduced with 10 mM dithiothreitol, alkylated
with 55 mM iodoacetamide and digested in-gel with trypsin (12.5 ng/µl; Promega,
Madison, WI, USA). Peptide fragments were extracted, dried in a vacuum centrifuge
and sent to the Samuel Lunenfeld Research Institute (Toronto, Ontario, Canada) for
further processing and analysis by mass spectrometry.
2.5  Cloning
Candidate genes obtained from mass spectrometry were C-terminally tagged with
GFP at their genomic locus by homologous recombination using linearised plasmids
derived from pJK210 (Keeney and Boeke, 1994). Briefly, forward primers containing
an appropriate restriction site, a STOP codon and ca. 20 bp homologous to sequence
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ca. 1 kb upstream of the C-terminus of the respective gene as well as reverse primers
containing an appropriate restriction site and ca. 20 bp homologous to sequence
immediately upstream of the C-terminus (in frame with the GFP coding sequence in
the vector) were designed and amplified PCR fragments were digested with
restriction enzymes and cloned into pJK210. Plasmids were linearised using a unique
site ca. 500 bp upstream of the C-terminus and transformed into fission yeast cells
following heat shock protocol (Moreno et al., 1991). Transformants were selected
based on ura4+ prototrophy.
Deletion of NP_595513.1 was obtained by replacement with the kanMX6-cassette
using PCR amplification with long primers (Bahler et al., 1998). Briefly, the forward
primer containing ca. 80 bp homologous to sequence immediately upstream of the
START codon of NP_595513.1 and ca. 20 bp homologous to the 5' end of the
kanMX6-cassette as well as the reverse primer containing ca. 80 bp homologous to
sequence immediately downstream of the STOP codon of NP_595513.1 and ca. 20 bp
homologous to the 3' end of the kanMX6-cassette were designed and amplified PCR
fragments were transformed into fission yeast cells following heat shock protocol.
Transformants were selected based on geneticin (G418; Sigma) resistance.
Transformation of episomal plasmids into fission yeast cells and all transformations
into bacteria were done following electroporation protocol (Ausubel, 2005).
Standard techniques were applied for PCR amplification, digestion with restriction
enzymes and ligation of fragments into vectors (Ausubel, 2005).
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3  Sterol-rich membrane domains in the fission yeast Schizosaccharomyces
pombe
3.1  Detection of sterol-rich membrane domains by the fluorescent probe filipin
S. pombe grows in a polarised manner at the cell tips and divides by medial fission
through constriction of an actomyosin ring and concomitant synthesis and deposition
of septum material (Chang, 2001). These processes require the polarised localisation
of proteins involved in cell wall and septum synthesis as well as the vectorial addition
of new membrane material to the existing plasma membrane. Therefore we asked the
question if inherent differences in the lipid composition of the plasma membrane
might be important for proper targeting of the growth and division machinery. To this
end, the localisation of sterols in S. pombe was examined using the fluorescent probe
filipin, a polyene antibiotic that forms specific complexes with free 3-β-
hydroxysterols. Excitation of filipin at 360 nm results in strong fluorescence with an
emission maximum at 480 nm (Drabikowski et al., 1973; Severs, 1997).
Using filipin to probe sterol-rich domains in the plasma membrane of live wild-type
S. pombe cells grown to logarithmic phase, various staining patterns were observed
(Fig. 1A). The most prevalent pattern showed intensive staining at the tips of the cell
(denoted as pattern 1 in Fig. 1A). More elongated cells had an additional medial band
(pattern 2), bright staining of membrane invaginations at the site of cytokinesis
(pattern 3) or a brightly stained line along the completed septum (pattern 4). In the
two latter cases the fluorescence intensity at the tips of the cell was decreased.
Interestingly, the relative distribution of cells with respect to the staining pattern
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resembled the distribution of cells in interphase or cell division, respectively, that is
typical of exponentially growing wild-type cultures (Fig. 1B). These observations
support freeze-fracture electron microscopy studies which had demonstrated that
alterations in the membrane structure induced by high filipin concentrations are found
at the cell poles and in the middle in dividing cells but not in the proximal regions
between the poles and the middle (Takeo, 1985). Thus, sterols are enriched at the tips
of interphase cells and at the medial division site in cells undergoing cytokinesis.
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Figure 1. Sterols localise to distinct sites of the plasma membrane.
(A) Sterol localisation detected by filipin staining in wild-type cells. (B) Frequency of
filipin staining patterns denoted in (A) in an exponentially growing wild-type culture.
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3.2  Sterols are enriched at the growing cell tips and at the site of cytokinesis
To see if the localisation of sterols to the cell tips is connected to cell growth, filipin
was used to probe mutant strains or cells grown under conditions causing
characteristically altered growth patterns. Nitrogen starvation was induced by
incubating a prototrophic wild-type strain in medium lacking any source of nitrogen
for 24 hours leading to the appearance of small, rounded, non-growing cells. These
cells exhibited greatly reduced levels of fluorescence when stained with filipin (Fig.
2A). After release from nitrogen starvation cells resumed growth and exhibited wild-
type fluorescence intensity and pattern (Fig. 2B). Thus, the presence of sterols in the
plasma membrane can be correlated to sites of cell growth.
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Figure 2. Sterol localisation correlates with sites of active cell growth and
cytokinesis.
Sterol localisation detected by filipin staining in (A) nitrogen starved cells, (B) cells
released from nitrogen starvation for 80 minutes, (C) cdc10-V50 cells at 36°C, (E)
glucose starved cells, (F) cells grown in medium with glucose, (G) cdc25-22 cells at
36°C, (H) orb1-13 cells at 36°C, (I) a branched TBZ treated cdc10-V50 cell, (J)
mating cells, (K) ascospores, (L) mid1-18 cells at 36°C. (D) Localisation of CHD-
GFP in cdc10-V50 cells.
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Temperature sensitive mutants were used to test if an altered growth pattern could be
reflected in the sterol distribution. Shift of cdc10-V50 cells to the restrictive
temperature causes a cell cycle block in G1 phase before growth at the new end is
initiated, leading to a monopolar growth pattern (Nurse et al., 1976). Filipin staining
of arrested cells resulted in strong fluorescence at one end only (Fig. 2C). Using GFP
fused to the actin binding calponin homology domain of Rng2p (CHD-GFP; Karen
Eng, Mohan K. Balasubramanian, unpublished) we confirmed that actin patches
concentrate at the same end as sterols (Fig. 2D) suggesting that this is the growing old
end of the cell. A strong correlation between concentration of actin structures such as
patches or the medial ring on one hand and cellular growth zones and the division site
has been established previously and may indicate a role for actin in vesicular
trafficking events in these areas of the cell cortex (Marks et al., 1986). The new end
showed staining that was relatively weak in intensity and covered less membrane area
as compared to the old end or both growing ends in a wild-type strain. Hence, the
distribution of sterols in the plasma membrane of cells growing at the old end only is
biased towards the growing tip. Sterols detected at the new end may stem from the
previous cytokinesis that occurred before the cell cycle arrest.
Glucose starved cells differ from cells starved for nitrogen in the cell cycle stage they
arrest at (majority in G2 for glucose starvation and in G1 for nitrogen starvation) and
are therefore not at the verge of initiating mating which might require the
reorganisation of the membrane. Glucose starvation was induced by incubating a
prototrophic wild-type strain in medium lacking glucose for 24 hours. When stained
with filipin, these cells exhibited greatly reduced levels of fluorescence (Fig. 2E) as
compared to control cells grown in medium with glucose (Fig. 2F). Hence, the
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situation in glucose starved cells resembles nitrogen starved cells rather than the new
end of arrested cdc10-V50 cells. However, it is possible that the uptake of sterols
from the plasma membrane is a rather slow process and therefore sterols are reduced
but still clearly detectable at the new end of cdc10-V50 cells after the temperature
shift that is short compared to the induction of starvation.
Shift of cdc25-22 cells to the restrictive temperature causes a cell cycle block at the
G2/M boundary, a stage of the cell cycle at which growth occurs at both tips (Russell
and Nurse, 1986). Arrested cells showed filipin staining at both ends of the cell but
never in a medial band (Fig. 2G). Thus, localisation of sterols in a medial band
depends on entry into M phase.
It has been described that orb mutants shifted to the restrictive temperature exhibit
unpolarised growth leading to large, rounded cells (Snell and Nurse, 1994). Filipin
stained orb1-13 cells showed fluorescence covering the entire circumference of the
cell (Fig. 2H). Thus, cells lacking growth polarity also lack polarity in the distribution
of sterols within the plasma membrane.
To assess if sterols were detected at ectopic new ends generated by treatment of
cdc10-V50 cells with the microtubule depolymerising drug TBZ (Sawin and Nurse,
1998), we probed branched cells with filipin and observed that the ectopically
growing tip was brightly stained, in many cells with an even higher fluorescence
intensity than at the endogenous tips (Fig. 2I). The results with cells growing in
monopolar, unpolarised or ectopic patterns indicate that the distribution of sterols in
the plasma membrane is correlated to the growth pattern of the cell.
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Mating projections constitute a specialised form of naturally occurring polarised
growth in S. pombe in which morphogenesis directed towards pheromones overrides
the usual antipodal growth observed in vegetative cells. To examine whether sterols
can be detected in mating projections, synchronous meiosis was induced in a
homothallic wild-type strain as described (Beach et al., 1985). Filipin staining showed
that sterols in the plasma membrane were polarised towards the projection (Fig. 2J)
indicating that enrichment of sterols in the plasma membrane also occurs during
mating projection formation. These observations support recent studies in S.
cerevisiae which had demonstrated that lipid rafts cluster at the mating projection in
budding yeast (Bagnat and Simons, 2002).
Sexual development and meiosis in S. pombe results in the formation of four
ascospores. As cell wall synthesis in ascospores requires enzymes different from
those required for cell wall formation during vegetative growth (Liu et al., 2000a;
Martin et al., 2000), we tested if sterol localisation was also evident in the plasma
membrane underlying spore walls. Filipin uniformly stained the plasma membrane of
spores generated from a cross between wild-type cells of opposite mating types (Fig.
2K). Interestingly, although the fluorescence intensity was approximately the same as
at the growing tips of cells in vegetative development, photobleaching of filipin
occurred much more rapidly in spores than in vegetative cells. It would be interesting
to perform further experiments to address the function of sterols in the plasma
membrane of ascospores.
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Shift of mid1-18 cells to the restrictive temperature leads to mispositioned actomyosin
rings and septa (Balasubramanian et al., 1998; Chang et al., 1996; Sohrmann et al.,
1996). Plasma membrane invaginations associated with the site of cell division in
mid1-18 cells are stained by filipin even when these sites are misplaced (Fig. 2L). The
medial band of sterols next to the invaginated membrane was found to localise in a
similar manner. Hence, sterol enrichment of the plasma membrane at the site of
cytokinesis is coupled to the localisation of the division machinery.
3.3  The distribution of sterols is regulated in a cell cycle dependent manner
To characterise the emergence of sterols in the medial region of the cell, cdc25-22
cells expressing Hht2-GFP (Wang et al., 2002) and Rlc1-GFP (Naqvi et al., 2000) as
nuclear and actomyosin ring markers were released from a cell cycle block at 36°C to
18°C which allowed a better temporal resolution of mitotic and cytokinetic events
than release to 24°C. The formation of the actomyosin ring and nuclear division
occurred prior to concentration of sterols in a medial band (Fig. 3, 0 min to 45 min).
However, constriction of the actomyosin ring was observed after sterol targeting to
the middle of the cell (Fig. 3, 60 min to 90 min). Filipin also stained the plasma
membrane invaginations that follow the constricting ring (Fig. 3, 105 min). After
constriction of the ring to a dot the plasma membrane separating the two daughter
cells exhibited intense fluorescence (Fig. 3, 120 min). These experiments establish
that sterols are concentrated at the division site following assembly of the actomyosin
ring and persist during ring constriction and septum assembly. A medial band of
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sterols was observed only in cells undergoing cell division. Hence, the localisation of
sterols to the middle of the cell is regulated in a cell cycle dependent manner.
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Figure 3. Sterol localisation to the middle of the cell during mitosis and
cytokinesis.
cdc25-22 hht2GFP rlc1GFP cells were synchronised and released to the permissive
temperature (18°C). Samples were taken at the indicated time points after release,
stained with filipin and observed for GFP and filipin fluorescence.
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3.4  Sterol localisation requires a functional secretory pathway
Our time-course studies led to the possibility that the formation of the actomyosin
ring might serve as a spatial and temporal landmark for sterol localisation to the
middle of the cell. To test this idea it was determined whether an intact F-actin
cytoskeleton is required for sterol localisation to the plasma membrane overlying the
actomyosin ring. Upon release of cdc25-22 cells from the cell cycle arrest, the actin-
polymerisation inhibitor LatA or DMSO as solvent control was added. The effective
disruption of the actin cytoskeleton in LatA treated cells was confirmed by rhodamin-
phalloidin staining (data not shown). 60 minutes after release, similar fractions of
LatA treated cells and of control cells exhibited medial sterol localisation (Fig. 4A,
arrows). This localisation was observed at the centre of the cell and symmetrically on
both sides suggesting that it forms a band circumventing the cell. Thus, the F-actin
cytoskeleton is not required for the localisation of sterols to the middle of the cell. In
addition to the medial band many LatA treated cells showed patches of filipin staining
at varying positions between the tips and the middle of the cell (Fig. 4A, arrowheads).
In contrast to the medial band these patches were frequently distributed in an
asymmetric manner indicating that they did not form bands around the long axis of
the cell. The emergence of sterol patches at various sites of the plasma membrane
may be due to continued secretion of sterol rich membrane material with a
simultaneous lack of endocytosis caused by disruption of the F-actin cytoskeleton.
Such disturbance of the equilibrium between secretion and endocytosis of sterols may
cause an excess of sterols at the plasma membrane leading to the formation of
additional sterol patches.
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Figure 4. Sterol localisation to the middle of the cell requires a functional
secretory pathway but not an intact F-actin or microtubule cytoskeleton.
(A, C) cdc25-22 cells were synchronised and released to the permissive temperature
(24°C). Cells were released into medium containing (A) 100 µM LatA or 1% (v/v)
DMSO as solvent control, (C) 100 µM BFA or 1% (v/v) EtOH as solvent control.
Samples were taken 60 minutes after release and stained with filipin. (B, D) Sterol
localisation detected by filipin staining in (B) nda3-KM311 cells at 18°C and cells
overexpressing mad2+ under the nmt1-promotor, (D) cdc7-24 cells at 36°C. Arrows
indicate strong medial staining in (A) and faint medial staining in (C) and (D).
Arrowheads indicate additional asymmetric patches of sterol-rich membrane.
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In order to address the role of the microtubule cytoskeleton in sterol localisation prior
to cytokinesis, we used nda3-KM311, a cold sensitive mutant that does not form
microtubules when shifted to 18°C (Toda et al., 1983). Cells with medial sterol
localisation were counted over a course of six hours after downshift. The percentage
of cells with a medial band increased with the time of incubation at low temperature
(Fig. 4B). Hence, microtubules are not necessary to localise sterols to the middle of
the cell. Additionally this result suggests that arrest of cells at metaphase by the
spindle assembly checkpoint does not prevent the medial localisation. To test if this is
the case, mad2+ was overexpressed as an alternative means to activate the spindle
assembly checkpoint thereby leading to metaphase arrest (He et al., 1997). mad2+
overexpression led to a high percentage of cells with a medial band of sterols as
compared to the control confirming that cells arrested at metaphase localise sterols in
a medial band (Fig. 4B). While previous experiments using cdc25-22 synchrony
indicated that sterols are detected at the division site at later stages of cytokinesis, the
mad2+ overexpression and nda3-KM311 experiments indicate that sterols are detected
there in metaphase arrested cells. A possible explanation for this inconsistency is that
low levels of sterols may accumulate in cycling cells at metaphase. Although these
low levels may be difficult to detect readily, this localisation may become more
obvious in metaphase-arrested cells due to continued accumulation of sterols.
We then determined whether a functional secretory pathway is necessary for sterol
localisation to the plasma membrane overlying the actomyosin ring. Upon release of
cdc25-22 cells from the cell cycle arrest, BFA or ethanol (EtOH) as solvent control
was added. It has been shown that in yeast BFA inhibits transport from the
endoplasmic reticulum (ER) to the Golgi apparatus (Graham et al., 1993). 60 minutes
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after release cells were scored for medial sterol localisation. Whereas a high
percentage of control cells exhibited bright medial filipin staining (Fig. 4C), almost
all BFA treated cells showed none or only faint fluorescence in the middle of the cell
(Fig. 4C, arrow). This indicates that a functional secretory pathway is required for
efficient medial sterol localisation. The faint band in BFA treated cells may be caused
by an incomplete block of secretion. Alternatively it is possible that a pool of sterols
may be present in a post-Golgi compartment which can still be targeted to the plasma
membrane when the ER to Golgi transport is blocked. Moreover, BFA treated cells
exhibited a low level of fluorescence throughout the plasma membrane whereby the
tips no longer appeared brighter than the rest of the plasma membrane. A possible
explanation for this finding is that endocytosis of sterol-rich membrane material may
occur at the cell tips. Interestingly, using the lipophilic fluorescent dye FM4-64 it has
been shown that in fission yeast endocytosis occurs at the growing cell tips in
interphase and the middle of the cell during cytokinesis, a pattern reminiscent of
filipin-stained sterol-rich regions that also correlates with polarisation of the F-actin
cytoskeleton and cell wall synthesis (Suniti N. Naqvi, Mohan K. Balasubramanian,
unpublished; (Gachet and Hyams, 2005)). Studies in mammalian cells have shown
that a pool of intracellular cholesterol is present in the endocytic recycling
compartment (Hao et al., 2002; Mukherjee et al., 1998). In case of an intact secretory
pathway this membrane material may be recycled in a polarised manner to the plasma
membrane at the cell tips whereas a block of secretion may result in accumulation of
endocytic vesicles and subsequent fusion with the plasma membrane in a locally
unrestricted manner.
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Since the strongest filipin fluorescence is observed during septum deposition, the SIN
might be involved in regulating the localisation of sterols to the site of cytokinesis. To
test this idea we used cdc7-24, a temperature sensitive mutant that renders the SIN
pathway inactive (Nurse et al., 1976). These cells expressed Cdc4-GFP as an
actomyosin ring marker (Ventris M. D’souza, Mohan K. Balasubramanian,
unpublished). After shift to 36°C for four hours hardly any cells showed medial
staining as observed during cytokinesis (Fig. 4D) regardless of the presence or
absence of an actomyosin ring (data not shown). However, the majority of cells
exhibited a faint filipin staining in the middle of the cell (Fig. 4D, arrows). This
staining was often asymmetrical and extended over a varying length of the cell. Many
cells formed bulges at the site with the faint staining reminiscent of cells beginning to
form ectopic cell tips after TBZ treatment. The faint staining which we observe in
cdc7-24 may be due to an attempted initiation of growth at a site where the new cell
end would be had the cell undergone cytokinesis. The lack of strong filipin staining in
the middle of the cell in a cdc7-24 mutant seems to conflict with our findings for cells
arrested at metaphase, i.e. a stage of the cell cycle before the SIN pathway is
activated. A possible explanation is the bypass of the post anaphase array stage of the
cell cycle in SIN mutants. Hence, not an active SIN pathway but the cell cycle stage
(between metaphase spindle stage and post anaphase array stage) may be crucial for
sterol localisation as a medial band. This would correlate the staining with the timing
of the orientation of the secretion machinery towards the medial region.
3.5  Manipulating the integrity of sterol-rich membrane domains leads to defects
in cytokinesis
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The localisation pattern of sterol-rich membrane domains suggests multiple roles for
sterols in polarity and/or growth on one hand and in cytokinesis on the other hand. To
gain insight into the possible functions of sterols we attempted to alter the structure of
sterol-rich membrane domains in the plasma membrane of S. pombe cells in two
different ways: by extended incubation in filipin and by overexpression of C-4 sterol
methyl oxidase.
In addition to the use of filipin as a probe for sterols in fluorescence assays it has been
demonstrated that incubation in high filipin concentrations and/or for an extended
time span induces deformations in sterol containing membranes which can be
observed by freeze-fracture and electron microscopy techniques (Friend and Bearer,
1981; Severs and Robenek, 1983). It has also been shown that filipin disrupts the
structure and function of caveolae, non-coated cholesterol-rich invaginations in the
plasma membrane of mammalian cells (Rothberg et al., 1990). Cells expressing Cdc4-
GFP were grown to logarithmic phase. Filipin or DMSO as solvent control were
added and Cdc4-GFP epifluorescence was visualised after 60 minutes. In a high
proportion of filipin treated cells the localisation of Cdc4-GFP was distorted (Fig. 5A)
whereas control cells showed proper formation and positioning of uniform Cdc4-GFP
rings (Fig. 5B). The observed phenotypes range from occurrence of misshapen ring-
like structures in the medial region of the cell (Fig. 5A, arrow) to the accumulation of
spots of various intensities (Fig. 5A, arrowhead). Occasionally, rings were observed
that had drifted out of their original position. The higher percentage of cells with
Cdc4-GFP staining after filipin treatment (33.9±5.7% compared to 19.7±1.6% of
control cells) indicates that filipin treated cells divide inefficiently. Filipin staining in
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the medial region of the cell was observed in some cells (Fig. 5A, Fig. 6A), however
numerous cells without medial staining displayed distorted Cdc4-GFP rings
approximately in their original position. The filipin signal at the cell tips was visible
in all examined cells.
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Figure 5. Structural alterations of sterol-rich membrane domains affect
cytokinesis in S. pombe.
(A, B) cdc4GFP cells were grown for one hour in medium containing 5 µg/ml filipin
or 0.1% (v/v) DMSO as solvent control. Arrow indicates misshapen Cdc4-GFP ring,
arrowhead indicates Cdc4-GFP spots. (C) cdc4GFP cells overexpressing C-4 sterol
methyl oxidase under the nmt1-promotor. (D, E) Quantitation of localisation patterns.
Bars in (D) represent filipin treated cells (grey) and DMSO treated cells (white), bars
in (E) represent C-4 sterol methyl oxidase overexpressing cells (dark grey), control
cells with empty vector (light grey) and control cells in 15 µM thiamine (white).
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Figure 6. Structural alterations of sterol-rich membrane domains compromise
the stability of a colocalising plasma membrane protein.
(A, B) bgs4GFP cells were grown for one hour in medium containing 5 µg/ml filipin
or 0.1% (v/v) DMSO as solvent control. (C) Equal amounts (11.5 µg each) of total
protein from filipin or DMSO treated cells were analysed by immunoblotting and




In a screen for gene products that upon overexpression lead to cell division
abnormalities, C-4 sterol methyl oxidase was isolated (Srividya Rajagopalan and
Mohan K. Balasubramanian), which is encoded by an S. pombe homologue of S.
cerevisiae ERG25 (Bard et al., 1996; Li and Kaplan, 1996), an enzyme in the
ergosterol biosynthetic pathway. Interestingly, overexpression of C-4 sterol methyl
oxidase led to a similar range of Cdc4-GFP localisation phenotypes as with filipin
treatment: Cdc4-GFP rings were misshapen and mispositioned, and more frequently
formed cables that ran along the long axis of the cell (Fig. 5C). Control cells in which
C-4 sterol methyl oxidase was repressed by thiamine or which were transformed with
an empty vector showed wild-type looking Cdc4-GFP rings and sterol distribution
(data not shown). After extended overexpression of C-4 sterol methyl oxidase, some
cells became elongated and branched (data not shown). In contrast to control cells, the
filipin staining was not restricted to distinct areas of the plasma membrane upon
overexpression of C-4 sterol methyl oxidase, though the cell tips and the middle of
these cells still showed stronger fluorescence than other areas of the plasma
membrane (Fig. 5C). The overall fluorescence intensity was higher than in control
cells. Similar to mid1-18 cells, septum material was deposited at aberrant positions
according to the misplaced actomyosin ring. Studies in S. cerevisiae had reported that
overexpression of ERG25 led to an overall pattern of lipids and sterols similar to wild
type (Li and Kaplan, 1996). However, possible changes in the relative abundance of
sterol intermediates would not have been detected by this analysis. Since Erg25p is
involved in the C-4 demethylation of 4,4-dimethylzymosterol, it is possible that its
overexpression may lead to an accumulation of downstream intermediates in the
ergosterol biosynthetic pathway. Thus, changes in the structure or composition of
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sterol-rich membrane domains cause various defects in actomyosin ring positioning
and/or maintenance.
3.6  Manipulating the integrity of sterol-rich membrane domains destabilises a
colocalising plasma membrane protein
In order to examine the effects of filipin treatment for an extended time on the plasma
membrane, we observed the intracellular distribution of the integral membrane
protein Bgs4p, a 1,3-β-glucan synthase subunit that localises to the plasma membrane
at the growing cell tips and the site of cytokinesis (Liu and Balasubramanian, 2001).
Cells expressing Bgs4-GFP were grown to logarithmic phase. Filipin or DMSO as
solvent control was added and Bgs4-GFP epifluorescence was visualised after 60
minutes. In filipin treated cells the localisation to distinct sites of the plasma
membrane was completely abolished (Fig. 6A). Instead, a weak GFP signal was
distributed throughout the cell. In contrast, control cells showed Bgs4-GFP
localisation at the tips and the division site (Fig. 6B). The loss of Bgs4-GFP from the
tips and the division site could be due to relocalisation from the plasma membrane or
to reduction in Bgs4-GFP levels. To discriminate between these possibilities we
analysed equal amounts of total protein from filipin treated cells and from control
cells treated with DMSO. On immunoblots α-GFP antibodies recognised a single
protein of the predicted molecular weight of 252 kDa. Whereas the band was easily
detectable in the control, only a very weak signal was observed in the filipin treated
sample. Quantitation showed that the signal strength in filipin treated samples was
reduced to below 4% of the strength in control samples (Fig. 6C). Our observations
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show that the stability of a membrane protein that colocalises with sterol-rich
membrane domains is compromised when the structure of these domains is altered.
These results suggest that sterol-rich membrane domains play an important role in
positioning and/or maintenance of the actomyosin ring. One possible explanation is
that proteins involved in ring maintenance may localise to intact sterol-rich membrane
domains. The disruption of these membrane structures may affect the stability,
localisation and/or function of these proteins. Another possibility is that sterol-rich
membrane domains may be involved in anchoring the ring to the plasma membrane.
Identification of proteins linking the actomyosin ring and the plasma membrane will
provide further insight into the relevance of sterols in the regulation of cytokinesis.
3.7  Discussion
In recent years, the idea that cellular membranes contain distinct microdomains has
gained considerable momentum. In particular, a class of such domains that is rich in
cholesterol or ergosterol as well as sphingolipids, termed lipid rafts, has been the
subject of much attention. Lipid rafts are thought to polarise the plasma membrane
and to have important roles in cell signalling, polarity and sorting (see chapter 1.3 and
(Rajendran and Simons, 2005)).
Sterol-rich membrane domains have been identified in several fungal species
including the fission yeast S. pombe, the budding yeast S. cerevisiae as well as the
pathogens Cryptococcus neoformans and C. albicans. The sterol-binding fluorescent
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dye filipin (Severs, 1997) has been used to detect regions with high sterol content in
the plasma membrane of these fungi (see chapter 3 and (Bagnat and Simons, 2002;
Martin and Konopka, 2004; Nichols et al., 2004; Wachtler et al., 2003)).
In the rod-shaped unicellular S. pombe, sterol-rich membrane domains are polarised
throughout the vegetative life cycle in a cell cycle dependent manner: they localise to
the growing cell ends during interphase and to the medial division site during
cytokinesis (Fig. 1-3). A similar pattern had previously been observed in freeze-
fracture electron microscopy studies using high filipin concentrations to induce
alterations in the membrane at the ultrastructural level (Takeo, 1985). Moreover, in
mating S. pombe cells sterols are polarised to the tip of the mating projection (Fig. 2
J). Thus in fission yeast, sterol-rich membrane domains localise to all regions of
polarised growth and to the division site.
In the human pathogen C. neoformans, sterols are concentrated at bud tips and septa
during vegetative growth as well as at protrusions that elongate to form conjugation
tubes during mating (Nichols et al., 2004). In contrast to S. pombe and C. neoformans,
sterols are distributed uniformly throughout the plasma membrane in the vegetative
life cycle of S. cerevisiae. However, sterol-rich membrane domains have been
observed to localise in a polarised manner towards the tip of the mating projection in
S. cerevisiae, as is the case in S. pombe. There they may contribute to the polarised
localisation of proteins involved in the mating process, which are thought to
preferentially partition into these domains (Bagnat and Simons, 2002). An enrichment
of cholesterol at the division site has also been demonstrated in sea urchin eggs (Ng et
al., 2005).
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Taken together, these studies establish that sterol-rich membrane domains are
polarised in several fungi and possibly also in higher eukaryotes. Whether this
inherent membrane polarity is simply the result of targeted exocytosis and
endocytosis (Valdez-Taubas and Pelham, 2003) or if it provides some instructive cues
to regulate cellular polarity and cytokinesis remains to be determined.
The importance of cytoskeletal structures for the polarisation of sterol-rich membrane
domains in fungi, namely the relocalisation of sterols to the future cell division site in
S. pombe, has been assessed using drugs and mutants that affect the F-actin and
microtubule cytoskeleton. While microtubules appear to be dispensable for sterol
accumulation (Fig. 4B), disturbance of the F-actin cytoskeleton has limited effects.
Although sterols still localise to a medial band after depolymerisation of all F-actin by
treatment with the G-actin binding drug LatA, this band appears broader than in
control cells. Moreover, some cells exhibit additional asymmetric patches of filipin
staining on the lateral sides of the cell (Fig. 4A). This is supported by filipin staining
of cells carrying mutations in proteins important for formation of the cytokinetic
actomyosin ring: such mutant cells display a medial band broader than that observed
in a wild-type cell (Takeda et al., 2004). Thus, F-actin is necessary for proper
assembly of sterol-rich membrane domains at the division site, although accumulation
of sterols at the cell equator per se is not affected.
Two proteins have been proposed to be potential F-actin based molecular organisers
of sterol-rich membrane domains in S. pombe. The FER/CIP4-homology domain
protein Cdc15p mediates proper localisation of sterols: cdc15 mutant cells exhibit
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mislocalised sterol-rich membrane domains at the cell sides in addition to the tips.
Moreover, overexpression of cdc15+ in interphase-arrested cells induces formation of
ectopic sterol-rich membrane domains at the cell sides in an F-actin-independent
manner (Takeda et al., 2004). The type I myosin Myo1p may also play a role in
membrane organisation: lack of myo1 function leads to uniform sterol distribution
throughout the plasma membrane (in contrast to mislocalised yet distinct sterol-rich
membrane domains in cdc15 mutants). When either myo1-gfp or cdc15+ are
overexpressed in interphase-arrested cells, Myo1-GFP is detected in ectopic foci
along the sides of the cells, whereas it localises to the cell tips in control interphase
wild-type cells. The Myo1-GFP foci are similarly delocalised in cdc15 mutant cells.
Interestingly, any of these three experimental conditions leads to formation of ectopic
sterol-rich membrane domains that codistribute with the Myo1-GFP foci (Takeda and
Chang, 2005). Hence it is possible that Cdc15p may influence Myo1p localisation,
which in turn may mediate sterol enrichment in the plasma membrane. This would be
supported by the finding that Myo1p is recruited to the site of cell division by Cdc15p
through direct interaction (Carnahan and Gould, 2003). Clarification of whether these
cytoskeletal proteins directly affect sterol-rich membrane domain organisation or if
the observed effects are indirect needs further experimentation. Regardless, these
studies should provide us with a basis for our understanding of the interplay between
the cytoskeleton and sterol-rich membrane domains.
The role of the cytoskeleton in sterol-rich membrane domain organisation has not
been investigated in detail in other fungi, although neither microtubules nor F-actin
(nor the cell wall) are required for stabilisation of protein microdomains in the plasma
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membrane of S. cerevisiae (Malinska et al., 2004). Additional studies will be required
to investigate potential similarities between different fungal species.
The integrity of sterol-rich membrane domains is crucial for positioning and
maintenance of the actomyosin ring during cell division in S. pombe (Fig. 5) as well
as for the stability of an integral membrane protein (Fig. 6). Sterols may play multiple
roles in cell growth and division: based on their selective incorporation of proteins,
sterol-rich membrane domains such as lipid rafts may act as a structural framework
within the plasma membrane (Simons and Ikonen, 1997). Such a framework may
facilitate interactions among proteins involved in establishment of cell polarity and in
cell growth including cell wall synthesis and targeted membrane addition. Similarly,
proteins involved in cytokinetic processes such as ring constriction and septum
deposition may require concentration in distinct areas of the plasma membrane for
their interaction and function.
It is crucial for the morphogenesis of S. pombe that it tightly regulates where and
when cell growth and division occur (Verde, 1998). Therefore, another possible role
of sterol-rich membrane domains may be the spatial limitation of the growth
machinery as well as of the division machinery to the growing cell tips and to the site
of cytokinesis, respectively. Interestingly, studies in budding yeast and mammalian
cells have reported that lateral diffusion is restricted at the bud neck and the cleavage
furrow, respectively. In both cases, septins have been proposed as barriers to diffusion
at the division site (Dobbelaere and Barral, 2004; Schmidt and Nichols, 2004).
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Yet how do sterol-rich membrane domains relate to lipid rafts? Interestingly, an
independent marker of lipid rafts, acylated GFP (Zacharias et al., 2002), has been
shown to display a staining pattern similar to that obtained with filipin (Takeda et al.,
2004). However, the domains detected by filipin in S. pombe and other fungi cover
fairly large regions of the cell surface. Although the size of individual lipid rafts is
still debated, it is safe to assume that rafts are much smaller than the filipin-stained
domains which may represent clusters of lipid rafts. Filipin staining indicates the
relative distribution of sterols in the membrane; whether sterol enrichment translates
into functional lipid rafts or whether it affects cellular physiology in other ways
should be a subject of future investigation.
Work on cellulose synthesis in plants has implicated sitosterol-β-glucosides in 1,4-β-
glucan (cellulose) chain initiation (Peng et al., 2002). 1,3-β-glucan is a major cell wall
component in S. pombe, and in growing cells 1,3-β-glucan synthases localise to the
cell tips and the division site (Liu and Balasubramanian, 2001; Liu et al., 2002).
Hence, sterol-linked molecules may play a role in cell wall and septum synthesis as a
primer or substrate.
While putative signalling and regulatory functions of lipid rafts have received greater
attention, a large body of work points to the role of sterols and sphingolipids in
intracellular trafficking. The relationship between trafficking and sterol-rich
membrane domain localisation is highly interrelated. In S. pombe, a functional
secretory pathway is required both for localisation of sterol-rich membrane domains
to a medial band prior to cytokinesis and for their maintenance at the cell tips (Fig.
4C). While sterols are important for the internalisation and postinternalisation stages
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of endocytosis in S. cerevisiae (Heese-Peck et al., 2002; Munn et al., 1999), it is
presently unclear whether endocytosis itself contributes to the localisation and
maintenance of sterol-rich membrane domains. It has been suggested that budding
yeast cells may maintain the polarised localisation of the SNARE protein Snc1p by
continued localised exocytosis and endocytic recycling (referred to as kinetic
polarisation) under conditions of slow diffusion prevalent in the S. cerevisiae plasma
membrane. Interestingly, such reduced protein mobility appears to be at least partially
dependent on ergosterol biosynthesis (Valdez-Taubas and Pelham, 2003). Kinetic
polarisation may also operate in other yeasts as well as in retention of other molecules
at distinct cellular locations.
A topic that has also been studied in great detail is the relevance of lipid rafts for
protein trafficking. Mutants in the biosynthetic pathways of the two major lipid
constituents of rafts, sterols and sphingolipids, show changes in detergent insolubility
of marker proteins and cause defects in their delivery to the cell surface (Bagnat et al.,
2000; Bagnat et al., 2001). Such mutants have also allowed for analysis of the
structural features of these lipid molecules that may play a role in the targeting of
marker proteins, such as the plasma membrane ATPase Pma1p, to the cell surface
(Eisenkolb et al., 2002; Gaigg et al., 2005). While Pma1p is the most commonly used
marker, other proteins (mostly transporters) have been the subject of similar
investigations. Analysis and comparison of different marker proteins for cell surface
delivery should reveal whether they show the same or different requirements with
regard to lipid raft association and structural composition of their lipid environment.
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On a general note, the controversial debate regarding the existence, size and
molecular nature of lipid rafts is still ongoing. While a discussion of the arguments
lies beyond the scope of this discussion, yeast, and in particular S. pombe, may play a
constructive role in addressing these open questions. The ease of genetic manipulation
of yeast cells (e.g. isolation of mutants, introduction of fluorescent tags to marker
proteins, etc.) and the polarisation of the plasma membrane into sterol-rich and sterol-
poor membrane domains in S. pombe may facilitate the application of biophysical and
advanced microscopic techniques (Lagerholm et al., 2005). Being amenable to
molecular biology and having a well-studied cell cycle, S. pombe will be a suitable
model organism to test the models discussed above and to define the function of
sterol-rich membrane domains in cell polarity and cytokinesis. Thus, studying the
biology of lipid domains in yeast may help us understand not just what they do but
also what they are.
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4  Purification and analysis of detergent-resistant membranes and membrane
association of proteins involved in cytokinesis
4.1  Purification and analysis of detergent-resistant membranes: a proteomics
approach
The results described in the previous chapter indicate that specialised membrane
domains that are enriched in sterols localise to the growing cell ends and the site of
cell division in S. pombe and play important roles in cytokinesis. Therefore, it is of
considerable interest to identify proteins that interact or associate with such
membrane domains.
Several different technical approaches have been devised to characterise lipid rafts
(see chapter 1.1.3 and (Lagerholm et al., 2005)). However, it is presently unclear
whether the structures examined with these approaches are indeed equivalent. We
decided to purify detergent-resistant membranes (DRMs) since it allows for a
proteomic approach to identify protein components associated with specialised
membrane domains. Previously published studies from mammalian and budding yeast
cells had shown both that DRMs are indeed enriched in sterols and that their integrity
and properties depend on sterols. These studies also provided protocols that could be
adapted for fission yeast, and data to compare our results to (Bagnat et al., 2000;
Kubler et al., 1996; Schuck and Simons, 2004).
DRMs (from a gradient with 1% Triton X-100) and total membrane (from a gradient
without Triton X-100) were purified by floatation from bottom to top of these
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gradients. Membrane associated proteins float to the top of these gradients because
the density of the protein-lipid complex is lower than that of the gradient material
whereas soluble proteins or proteins whose membrane association has been abolished
by detergents remain at the bottom of the gradients. This method was shown to work
in principal in S. pombe by analysis of three marker proteins (Fig. 7): the plasma
membrane ATPase Pma1p has been established as a marker for DRMs in S.
cerevisiae (Bagnat et al., 2000). Fission yeast plasma membrane ATPase was detected
by antibodies raised against budding yeast Pma1p (Serrano et al., 1993) and
associated with the top (membrane) fractions of gradients with or without Triton X-
100. In contrast, the tropomyosin-related Cdc8p, a soluble cytosolic protein
(Balasubramanian et al., 1992), remained on the bottom of both gradients after
centrifugation. Finally, Sec63-GFP is integral to the ER membrane (Feldheim et al.,
1992) which is, relative to the plasma membrane, poor in sterol content (Zinser et al.,
1993). Sec63-GFP was found in the top fractions in the absence of Triton X-100.
However, in the presence of detergent, Sec63-GFP was detected in the bottom
fractions. Hence, while soluble cytosolic proteins do not float to the top of gradients
with or without Triton X-100 and detergent-soluble membrane proteins exhibit
membrane association selectively in the absence of detergent only, DRM marker
proteins migrate to the top of the gradient even in the presence of Triton X-100.
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Figure 7. Membrane association of detergent-resistant membrane (DRM),
detergent-soluble membrane and soluble cytosolic marker proteins.
Protein lysates of wild-type cells expressing Sec63-GFP were subjected to Optiprep
gradient centrifugation in the presence (+ TX100) or absence (- TX100) of 1% Triton
X-100. Six fractions were taken from top (t) to bottom (b). Equal volumes of each




Floatation gradients as described above were employed to isolate DRM for
determination of their protein components. Top fractions of Triton X-100 containing
gradients were separated in large polyacrylamide gels which were subsequently
stained with colloidal Coomassie. Bands detectable by this stain were cut out and the
proteins contained in these bands were reduced, alkylated and in-gel digested with
trypsin. The protein fragments were eluted and analysed by mass spectrometry (in
collaboration with Ong Siew-Hwa at the Samuel Lunenfeld Research Institute; also
see Materials and Methods chapter 2.4).
Protein fragments were identified by mass spectrometry. Candidates were selected for
further analysis based on three parameters: the number of distinct peptide fragments
of the same protein that were identified from the same band (coverage); the expect (e)
value of the detected peptides (representing the probability of finding other peptides
in the database that have a match to the detected peptide); and the potential relevance
of the identified proteins for cytokinesis based on predictions of their function by
homology search. The following list comprises several candidate proteins:
• Pma1p - plasma membrane ATPase (100.4 kDa) NP_594360.1
• Pma2p - plasma membrane ATPase (110.7 kDa) P28876
• guanine nucleotide regulatory protein (35.2 kDa) AAA56865.2
• putative syntaxin (32.7 kDa) NP_588053.1
• putative cell wall biogenesis protein (42.7 kDa) CAB11673.1
• Bfr1p - Brefeldin A resistance protein (172.9 kDa) P41820
• hypothetical protein (44.0 kDa) NP_595513.1
• hypothetical protein (54.9 kDa) NP_587788.1
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Various proteins involved in translation, heat shock responses and general metabolic
pathways such as glycolysis (e.g. glyceraldehyde 3-phosphate dehydrogenase) were
detected. Interestingly, after our analysis of fission yeast DRMs had been completed,
a study of the mammalian lipid raft proteome using more sophisticated purification
protocols was published (Foster et al., 2003). Similar to our findings, this study
reports the detection of heat shock proteins, translation factors and glyceraldehyde 3-
phosphate dehydrogenase as raft proteins, in addition to numerous signalling
molecules. Whether this has biological significance or should be attributed to the high
abundance of the detected proteins, requires further investigation.
Selected candidate proteins were then tagged with GFP at the C-terminus under
regulation of the respective endogenous promoter to analyse their localisation in live
cells. While some of the tagged proteins localised to intracellular structures, others
localised to the plasma membrane. Fig. 8 shows the localisation of four GFP-tagged
proteins that were identified from DRM fractions and were localised, at least partially,
at the plasma membrane. However, only one of them (NP_595513.1) showed a
concentration at the tips and at the site of cell division in a subpopulation of cells, as
seen for sterols detected by filipin (Fig. 1). NP_595513.1 codes for a 44 kDa putative
protein without known function. Deletion of NP_595513.1 did not compromise cell
viability nor did cells show any readily detectable phenotype, suggesting that
NP_595513.1 is non-essential and dispensable for growth under laboratory
conditions. In all other strains displaying GFP at the plasma membrane, the GFP
signal appeared evenly distributed or rather weaker at the tips and the middle of the
cell compared to the cortex between tips and middle. Hence, it appears likely that
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sterol-rich domains in the plasma membrane detected by filipin and DRMs purified
by floatation in Triton X-100 containing gradients are not equivalent since the former
do not colocalise with the majority of GFP-tagged proteins identified from the latter.
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Figure 8. Localisation of candidate proteins identified from DRMs by mass
spectrometry.




4.2  Membrane association of proteins involved in cytokinesis
Concurrently with the proteomics approach, several proteins known to be important
for cell division in fission yeast were examined with respect to their detergent
resistance and membrane association using the floatation protocol as described above.
Cdc4p (essential light chain of myosin II) and Cdc8p (tropomyosin-related) were
found to be completely soluble. Membrane association was detected for only very
minor portions of actin but for larger portions of Cdc3p (profilin-related), Myo2p
(myosin II heavy chain) and Cdc15p (FCH-domain protein; also see introduction)
(Fig. 9). Quantitation showed that 40% of total Cdc15p was detected in the top
fraction in the absence of detergent. Membrane association of Cdc15p in a
comparable quantitative range was later demonstrated and published by others
(Takeda et al., 2004). While in our experiments, none of the above mentioned
proteins associated with DRMs, Takeda et al. (2004) have reported that a subset of
Cdc15p floated to the top of the gradient in the presence of detergent (see chapter
4.3).
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Figure 9. Membrane association of proteins involved in cytokinesis.
Protein lysates of wild-type cells expressing Cdc15p-HA were subjected to Optiprep
gradient centrifugation in the presence (+ TX100) or absence (- TX100) of 1% Triton
X-100. Six fractions were taken from top (t) to bottom (b). Equal volumes of each
fraction were separated by SDS-PAGE, blotted and detected with α-Cdc4p, α-actin,




The finding that 40% of Cdc15p in an asynchronously growing culture associated
with membranes led to the question whether the membrane association of Cdc15p
may change in a cell cycle-dependent manner. To test this possibility, cdc25-22
cdc15HA cells were blocked at the G2/M boundary and harvested, or released from
the block to undergo mitosis in a synchronous manner and harvested upon initiation
of cytokinesis. Analysis of gradients with cell lysates from G2-arrested and mitotic
cells showed that, compared to the G2-arrested cells, there was an increase in
Cdc15p-HA levels in both membrane and cytosolic fractions of mitotic cells (Fig.
10A). This finding was in line with previous reports that the protein level of Cdc15p
is increased during cell division (Fankhauser et al., 1995). However, the ratio of
membrane-associated Cdc15p-HA to total Cdc15p-HA remained largely unchanged
(Fig. 10; 19% in interphase cells vs. 24% in mitotic cells), suggesting that it does not
change during the cell cycle. Similarly, analysis of the membrane association of
Cdc3p in synchronised cultures indicated that the ratio of membrane-associated
Cdc3p to total Cdc3p does not change during mitosis, either (Fig. 10A).
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Figure 10. Membrane association of Cdc15p and Cdc3p in interphase and
mitotic cells.
cdc25-22 cells expressing Cdc15p-HA were arrested at the G2/M boundary by
incubation at the restrictive temperature for four hours and synchronously released by
shift to the permissive temperature (t=0 minutes). Samples were taken of interphase
(t=0 minutes) and mitotic (t=40 minutes) cells. Protein lysates were subjected to
Optiprep gradient centrifugation. Six fractions were taken from top (t) to bottom (b).
(A) Equal volumes of each fraction were separated by SDS-PAGE, blotted and
detected with α-HA and α-Cdc3p antibodies. (B) Samples as in (A) from the very top
and bottom fractions of each gradient were separated by SDS-PAGE, blotted and
detected with α-HA antibodies. Note that the protein level of Cdc15p-HA differed
among the samples; total protein per lane was adjusted accordingly to compare
similar amounts of Cdc15p-HA (in (B) only).
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It has been shown previously that Cdc15p changes from a slow-migrating,
hyperphosphorylated form in interphase to a fast-migrating, hypophosphorylated form
during cell division (Fankhauser et al., 1995). When examining the results from G2-
arrested and mitotic cells, we noted that the shift to hypophosphorylation of Cdc15p-
HA occurred predominantly in the membrane fraction of mitotic cells (Fig. 10B).
Hence, hypophosphorylation of Cdc15p may occur exclusively or in a more efficient
fashion when Cdc15p is associated to membranes. Possibly, phosphatases using
Cdc15p as a substrate may also be (fully or partially) membrane-associated and
therefore interact predominantly with membrane-bound Cdc15p.
The finding that a substantial portion of the FCH-domain protein Cdc15p which is
essential for cytokinesis in fission yeast is membrane-associated, and that the
phosphorylation levels of this protein differ between the membrane-bound and the
soluble pool during mitosis, made it a very interesting protein to study, e.g. with
respect to phosphatases that may regulate its phosphorylation level. Since there had
been  divergent results in the literature with respect to the precise role of Cdc15p
during cell division (see chapter 1.2.3), we decided to first further define the function
of Cdc15p in mitosis, especially for actomyosin ring formation and maintenance,




DRMs were purified in an attempt to identify proteins that associate with sterol-rich
membrane domains localised at the growing tips and at the division site in fission
yeast. However, none but one of the candidate proteins tested colocalised with sterol-
rich membrane domains stained by filipin. This could either be due to inappropriate
purification methods or to differences in the nature of filipin-stained sterol-rich
membrane domains and DRMs, i.e. they may not be equivalent. Analysis of
appropriate marker proteins showed that the employed protocol of gradient
centrifugation is suitable to discriminate DRM-, ER membrane- and soluble proteins.
Moreover, mass spectrometry of DRM fractions identified proteins such as plasma
membrane ATPase whose detergent-resistant properties had been shown previously in
budding yeast (Bagnat et al., 2000). It is thus likely that the purified fractions that
were used for mass spectrometry were indeed enriched for proteins whose membrane
association is detergent-resistant. Interestingly, several proteins that were identified in
these fractions but appeared unexpected due to their predicted functions (e.g. in
glycolysis), were shown to be also present in DRMs prepared from mammalian cells
with a purification protocol selective for sterol-dependent resistance to detergent
treatment (Foster et al., 2003). We hence assume that the alternative explanation may
be correct, suggesting non-equivalence of domains imaged by microscopy and
domains purified by gradient centrifugation.
The FCH-domain protein Cdc15p was shown to be partially membrane associated,
albeit we found this association not to be detergent-resistant. However, it has been
shown by others that a subset of Cdc15p was detected in the top fractions of a density
gradient after treatment with Triton X-100 (Takeda et al., 2004). While the reason for
this difference is presently not clear, it is possible that it is caused by differences in
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the protein extraction protocols or in the setup of gradients. Interestingly, Takeda et
al. (2004) also observe a spiral-like pattern of filipin staining in cdc15 mutant cells,
suggesting that Cdc15p may play a role in the organisation of sterol-rich membrane
domains. How the loss of function of Cdc15p would lead to such a geometrical
pattern on a mechanistic level (as opposed to more generally delocalised sterol-rich
membrane domains observed in other cytokinesis mutants or upon treatment with the
G-actin binding drug LatA (Takeda et al., 2004; Wachtler et al., 2003)), requires
further investigation. Establishing such a link is of considerable interest since it would
strengthen the case for a functional correlation of filipin-positive membrane domains
and DRMs although our data has not provided any such indication (see previous
paragraph). Moreover, to our knowledge it is the first description of spiral-like
structures on a cellular level in eukaryotes.
It appears likely that the membrane associated and soluble pools of Cdc15p are
indeed different since hypophosphorylation during mitosis is more readily observed in
the membrane associated pool. Although it is possible that these two pools are not
strictly separated, any exchange or turnover may be happening at a rate that is
sufficiently slow to detect differences in the gel migration properties. It is also
interesting to note that Cdc15p is the only component of the actomyosin ring (other
than SIN proteins or enzymes involved in septum synthesis) that is essential for
deposition of septum material: while mutants such as cdc4-8, cdc8-134 and cdc12-
112 (affecting the function of essential myosin II light chain, tropomyosin and formin,
respectively) fail to assemble an actomyosin ring, they still synthesise patches of
septum material which can be detected by aniline blue or calcofluor staining
(Streiblova et al., 1984). This is in contrast to the cdc15-140 mutant in which no
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newly synthesised septum material is detected upon shift to the restrictive temperature
(Marks et al., 1992). Besides its function in actomyosin ring formation and
maintenance described in the following chapter, Cdc15p may therefore also have an
additional role in assembly of the division septum, possibly by affecting the targeting,
secretion or regulation of cell wall synthesising enzymes. Future studies should
address the differences between membrane associated and soluble pools of Cdc15p
and thereby shed light on possible roles of Cdc15p in membrane traffic and its
importance for cytokinesis.
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5  Cell cycle-dependent roles for the FCH-domain protein Cdc15p in formation
of the actomyosin ring in Schizosaccharomyces pombe
5.1  cdc15 mutant cells form actomyosin rings during metaphase and anaphase
To better understand the molecular nature of Cdc15p function as well as its
regulation, we set out to define the window of the cell cycle during which Cdc15p is
active in actomyosin ring formation. To this end asynchronously growing
temperature-sensitive cdc15-140 mutant cells were shifted to the restrictive
temperature for three hours, fixed and stained for tubulin and Cdc4p, the essential
light chain of myosin II that served as a marker for the actomyosin ring (McCollum et
al., 1995; Naqvi et al., 1999). A subpopulation of cells displayed Cdc4p in medial
ring structures. Counting of 50 cells bearing Cdc4p rings revealed that 8 showed short
spindles indicative of metaphase or anaphase A, 38 long spindles indicative of
anaphase B and 4 had no spindles (Fig. 11; cdc15-140). This suggested that Cdc15p is
not strictly required for localisation of Cdc4p to the medial ring structure at early
stages of division (metaphase and anaphase) and is similar to what has been observed
in SIN mutants (Wu et al., 2003). Cdc7p is a protein kinase that is an essential
component of the SIN pathway (Krapp et al., 2004). When asynchronously growing
temperature-sensitive cdc7-24 mutant cells were shifted to the restrictive temperature
for three hours, as in the case of the cdc15-140 mutant, the majority of cells with
Cdc4p rings displayed mitotic spindles (32 out of 50 cells) although rings appeared to
persist longer following spindle breakdown, compared to the cdc15-140 mutant (Fig.
11; cdc7-24).
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Figure 11. Formation of actomyosin rings during metaphase and anaphase in
cdc15 mutant cells.
cdc15-140, cdc15-287 and cdc7-24 cells were grown asynchronously at the
permissive temperature and shifted to the restrictive temperature for three hours.
Spores from a cdc15Δ::ura4+/cdc15+ strain were incubated for three hours in YES
medium to assist germination, washed and shifted to selective medium lacking uracil
for 24 hours. Cells were fixed and stained with α-Cdc4p antibodies, α-TAT1
antibodies and DAPI to visualise actomyosin rings, tubulin and DNA, respectively.
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Nearly all cdc15-140 mutant cells with Cdc4p rings were in various stages of nuclear
separation indicated by the presence of a mitotic spindle. We then asked whether the
reverse is true, i.e. if all cdc15-140 cells with spindles would form actomyosin rings.
Out of 50 cdc15-140 mutant cells with anaphase spindles, 49 had assembled Cdc4p
rings (Fig. 11; cdc15-140). This observation supports previous studies that used
centrifugal elutriation to synchronise cdc15-140 mutant cells and demonstrate their
ability to form transient actomyosin rings (Balasubramanian et al., 1998). To test
whether the ability to form actomyosin rings at early stages of mitosis may be specific
to the cdc15-140 allele, asynchronously growing temperature-sensitive cdc15-287
mutant cells were shifted to the restrictive temperature for three hours. Out of 50
cdc15-287 mutant cells with anaphase spindles, 47 had assembled Cdc4p rings (Fig.
11; cdc15-287). This suggested that actomyosin ring assembly in early mitosis may
not require Cdc15p.
The cdc15-140 and cdc15-287 mutant alleles are completely defective for septum
formation at the restrictive temperature (Chang et al., 1996; Nurse et al., 1976).
However, it cannot be ruled out that there may be residual function associated with
the mutant protein that may be sufficient for actomyosin ring assembly during early
stages of mitosis but insufficient for completion of cytokinesis. To address this
concern, spores from a strain in which the cdc15+ open reading frame was replaced by
the ura4+-cassette were germinated in selective medium allowing only the spores
carrying the cdc15 deletion to germinate and grow (Fankhauser et al., 1995). Staining
for tubulin and Cdc4p revealed that 90% (90 out of 100 cells) of cells with short
spindles indicative of metaphase or anaphase A displayed Cdc4p in a ring. 26 of these
metaphase cells had multiple short spindles suggesting that these cells had failed in
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previous rounds of cytokinesis and are indeed deleted for cdc15. Likewise, 99% (198
out of 200 cells) of cells with elongated spindles indicative of anaphase B exhibited
Cdc4p ring localisation. 59 of these anaphase cells had multiple long spindles (Fig.
11; cdc15Δ). We did not observe cells displaying Cdc4p rings that did not have a
spindle. The results obtained from examination of cdc15Δ cells show that Cdc15p is
not required for actomyosin ring formation in early stages of cell division, and that
the results obtained with the temperature sensitive cdc15-140 and cdc15-287 mutant
alleles are likely not due to residual activity of the mutant protein.
5.2  cdc15 mutant cells maintain stable actomyosin rings in metaphase
To more rigorously examine the possibility that Cdc15p was not required for
actomyosin ring assembly in early mitosis, cdc15+ and cdc15-140 cells were arrested
in metaphase by activation of the spindle assembly checkpoint through
overexpression of mad2+ (He et al., 1997). Cells were shifted to the restrictive
temperature for three hours to ensure inactivation of mutant Cdc15p. It has been
shown previously that 20 to 50% of cells arrest in metaphase upon overexpression of
mad2+ (Guertin et al., 2000; He et al., 1997). In order to ensure that the observed cells
were indeed arrested, cells were stained for tubulin and Cdc4p. Out of all cells with
short spindles indicative of metaphase arrest, 87% of wild-type and 90% of cdc15-
140 cells displayed Cdc4p rings (Fig. 12A, D). Hence, Cdc15p function is not
required for Cdc4p ring assembly in metaphase.
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Figure 12. Maintenance of stable actomyosin rings in metaphase in cdc15 mutant
cells.
(A) pREP1-mad2+ and cdc15-140 pREP1-mad2+ cells were arrested in metaphase by
growth in medium lacking thiamine for 24 hours. Cells were shifted to the restrictive
temperature for three hours, fixed and stained with α-Cdc4p antibodies, α-TAT1
antibodies and DAPI to visualise actomyosin rings, tubulin and DNA, respectively.
(B) pREP1-mad2+ rlc1-GFP and cdc15-140 pREP1-mad2+ rlc1-GFP were grown and
treated as in (A) except for staining with α-GFP antibodies to visualise actomyosin
rings. (C) pREP1-mad2+ and cdc15-140 pREP1-mad2+ cells were grown and treated
as in (A) except for staining with Alexa 488-conjugated phalloidin to visualise F-
actin. (D) Quantitation of Cdc4p, Rlc1-GFP and F-actin rings in cells with short
(metaphase) spindles in pREP1-mad2+ [rlc1-GFP] (black bars) and cdc15-140
pREP1-mad2+ [rlc1-GFP] (white bars).
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To test whether actomyosin ring components other than Cdc4p required Cdc15p
function to assemble at the future division site in early mitosis, cells from the same
experiment were stained for tubulin and with Alexa 488-conjugated phalloidin to
visualise F-actin. Furthermore, an identical experiment was carried out with strains
expressing Rlc1-GFP (Rlc1p is the regulatory light chain of myosin II). Out of all
cells arrested in metaphase, 96% of both wild-type and cdc15-140 cells displayed
Rlc1-GFP rings (Fig. 12B, D). Likewise, 82% of wild-type and 85% of cdc15-140
cells exhibited F-actin in a medial ring structure (Fig. 12C, D). The results show that
both F-actin and myosin II localise to the actomyosin ring in the absence of functional
Cdc15p.
The formin Cdc12p has been implicated in actomyosin ring formation since cdc12-
112 mutant cells lack any detectable ring structures (Chang et al., 1997). Cdc15p and
Cdc12p directly interact and it has been proposed that Cdc15p recruits Cdc12p to the
division site (Carnahan and Gould, 2003). As our results indicated that cdc15-140
mutant cells are able to form rings containing F-actin and myosin II in metaphase, we
asked whether Cdc12p was also localised to the middle of the cell at this stage of
mitosis. To this end cdc15+ cells and cdc15-140 cells expressing Cdc12-GFP were
arrested in metaphase as described above. When cells were stained for tubulin and
Cdc12-GFP, out of all cells with short spindles, 86% of wild-type cells and 78% of
cdc15-140 cells displayed Cdc12-GFP rings (Fig. 13A, C). However, the intensity of
the Cdc12-GFP signal was reduced in cdc15 mutant cells compared to wild-type cells
(Fig. 13A). Thus, S. pombe cells recruit the formin Cdc12p to the division site in
metaphase even when Cdc15p function is compromised, although Cdc15p likely
contributes to the maximal recruitment or retention of Cdc12p at the division site.
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Figure 13. Maintenance of stable formin rings in metaphase in cdc15 mutant
cells.
(A) pREP1-mad2+ cdc12-GFP and cdc15-140 pREP1-mad2+ cdc12-GFP cells were
arrested in metaphase by growth in medium lacking thiamine for 24 hours. Cells were
shifted to the restrictive temperature for three hours, fixed and stained with α-GFP
antibodies, α-TAT1 antibodies and DAPI to visualise formin rings, tubulin and DNA,
respectively. (B) pREP1-mad2+ cdc15-GFP cells were grown and treated as in (A)
except for staining with α-GFP antibodies to visualise Cdc15p rings. (C) Quantitation
of Cdc12-GFP rings in cells with short (metaphase) spindles in pREP1-mad2+ cdc12-
GFP (black bar) and cdc15-140 pREP1-mad2+ cdc12-GFP (white bar) and of Cdc15-




Since our observations suggested that in metaphase Cdc15p is dispensable for
actomyosin ring formation, we asked whether Cdc15p itself is present at the division
site under our experimental conditions. Thus, Cdc15-GFP cells were arrested in
metaphase as described above. Staining for tubulin and Cdc15-GFP showed that 91%
of all cells with short spindles displayed Cdc15-GFP in a ring (Fig. 13B, C).
Therefore, although Cdc15p localises to the ring early in mitosis and may contribute
to the maximal recruitment or retention of Cdc12p to the medial ring, Cdc15p is not
essential for ring assembly during early stages of mitosis.
5.3  Mid1p is required for actomyosin ring maintenance in metaphase in the
absence of functional Cdc15p
cdc15 mutant cells form actomyosin rings in metaphase and anaphase, and
recruitment of Cdc12p to the division site is reduced but not abolished by the absence
of Cdc15p function. We sought to identify other gene products that may (directly or
indirectly through interacting proteins) execute the functions of Cdc15p at early
stages of cell division. We chose the anillin-related Mid1p as a candidate because it is
the first known protein to localise to the future division site (Wu et al., 2003), it is
involved in myosin II recruitment to the middle of the cell (Motegi et al., 2004), and
overexpression of mid1+ leads to accumulation of actin structures in the medial region
(Paoletti and Chang, 2000). Moreover, actomyosin ring assembly in cycling mid1
mutants is delayed compared to wild-type control cells (Wu et al., 2003). To test
whether the formation of actomyosin rings in cdc15-140 mutant cells depended on the
function of Mid1p, cdc15+ mid1-18 cells and cdc15-140 mid1-18 cells were arrested
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in metaphase as described above in strains expressing Rlc1-GFP. When cells were
stained for tubulin and Rlc1-GFP, out of all cells with short spindles, 73% of the
mid1-18 single mutant cells but none of the cdc15-140 mid1-18 double mutant cells
exhibited actomyosin rings (Fig. 14A, B). While actomyosin rings in the mid1-18
single mutant were frequently mispositioned or aligned with the long axis of the cell,
the cdc15-140 mid1-18 double mutant cells often displayed spot-like structures of
Rlc1-GFP (Fig. 14 A) which resembled the interphase progenitor thought to be a
template for the actomyosin ring (Wong et al., 2002). To ensure that the failure to
form rings in the cdc15-140 mid1-18 double mutant was indeed due to the loss of
function of these two genes and not the reporter gene, double mutant cells arrested at
metaphase that had been kept at the permissive temperature throughout the
experiment were examined. Out of all cells with short spindles 87% displayed an
actomyosin ring (Fig. 14 A, B). Taken together with the results from metaphase
arrested wild-type and cdc15-140 cells (Fig. 12), Mid1p has a role not only in ring
positioning but also in formation of the actomyosin ring which is only uncovered in
the absence of functional Cdc15p.
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Figure 14. Requirement of Mid1p for actomyosin ring maintenance in
metaphase in the absence of functional Cdc15p.
(A) mid1-18 pREP1-mad2+ rlc1-GFP and cdc15-140 mid1-18 pREP1-mad2+ rlc1-
GFP cells were arrested in metaphase by growth in medium lacking thiamine for 24
hours. Cells were shifted to the restrictive temperature for three hours or kept at the
permissive temperature as control, fixed and stained with α-GFP antibodies, α-TAT1
antibodies and DAPI to visualise actomyosin rings, tubulin and DNA, respectively.
(B) Quantitation of actomyosin rings in cells with short (metaphase) spindles in mid1-
18 pREP1-mad2+ rlc1-GFP at the restrictive temperature (black bar) and cdc15-140




5.4  cdc15 mutant cells fail to form or maintain actomyosin rings when the SIN
is active
Previous studies have shown that actomyosin rings in cycling cdc15 mutant cells are
maintained only transiently (Balasubramanian et al., 1998). Moreover, we did not
observe cdc15Δ cells with rings in other stages than metaphase or anaphase. This
suggested that Cdc15p may be required for ring formation or maintenance after
completion of anaphase when the SIN pathway is activated following cyclin B
proteolysis (Guertin et al., 2000). Previous studies have shown that activation of the
SIN leads to assembly of actomyosin rings and division septa from all cell cycle
stages, even in the absence of mitosis (Fankhauser et al., 1993; Schmidt et al., 1997).
Cdc16p is part of a two-component GTPase-activating protein negatively regulating
the small GTPase Spg1p believed to be a key regulator of the SIN signalling cascade,
depending on the nucleotide bound to it. Loss of Cdc16p function leads to ectopic
SIN activation (Fankhauser et al., 1993; Minet et al., 1979). To test whether Cdc15p
function is required for actomyosin ring formation in cells with an active SIN, cdc15+
cdc16-116 and cdc15-140 cdc16-116 cells were arrested in S phase by addition of HU
to the medium. Cells were then shifted to the restrictive temperature to inactivate the
Cdc15p and Cdc16p mutant proteins leading to activation of the SIN. Both strains
carried Rlc1-GFP as a marker for the actomyosin ring. 80 minutes after shift to the
restrictive temperature 52% of cdc16-116 single mutant cells had formed actomyosin
rings. In contrast, the cdc15-140 cdc16-116 double mutant cells did not form rings
throughout the course of the experiment (Fig. 15A, B). This failure to assemble
actomyosin rings was indeed due to the loss of function of these two genes since
cdc15-140 cdc16-116 double mutant control cells that were grown asynchronously at
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the permissive temperature exhibited no defect in actomyosin ring formation (data not
shown). Hence, Cdc15p is essential for assembly of actomyosin rings in response to
SIN activation.
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Figure 15. Failure to form or maintain actomyosin rings in cdc15 mutant cells
when the septation initiation network is active.
(A) cdc16-116 rlc1-GFP, cdc15-140 cdc16-116 rlc1-GFP and clp1Δ::ura4+ cdc16-
116 rlc1-GFP cells were arrested in S phase by growth in the presence of 12 mM
hydroxyurea. After six hours cells were shifted to the restrictive temperature (t=0
minutes) to ectopically activate the septation initiation network. At t=80 minutes,
cells were fixed, stained with DAPI to visualise DNA and examined for presence of
actomyosin rings marked by Rlc1-GFP epifluorescence. (B) Quantitation of
actomyosin rings in cdc16-116 rlc1-GFP cells (black bar), cdc15-140 cdc16-116
rlc1-GFP cells (white bar; y=0.25) and clp1Δ::ura4+ cdc16-116 rlc1-GFP cells (grey
bar). (C) cdc16-116 mid1-YFP CFP-myo2 cells were arrested in S phase as above. At
t=60 min, live cells were imaged by confocal microscopy. (D) cps1-191 rlc1-GFP
and cdc15-140 cps1-191 rlc1-GFP cells were shifted to the restrictive temperature for
four hours or kept at the permissive temperature as control. Samples were fixed,
stained with DAPI to visualise DNA and examined for presence of actomyosin rings
marked by Rlc1-GFP epifluorescence. (E) Quantitation of actomyosin rings in cps1-
191 rlc1-GFP cells at the restrictive temperature (black bar) and cdc15-140 cps1-191





The finding that Cdc15p is essential for formation of SIN-induced actomyosin rings
(Fig. 15A, B), whereas Cdc15p and Mid1p appear to play redundant roles in ring
assembly in metaphase-arrested cells (Fig. 14A, B), suggested that Mid1p may not be
involved in formation and maintenance of rings at later stages of mitosis when the
SIN is active. To test this, mid1-18 cdc16-116 double mutant cells that were arrested
in S phase by addition of HU to the medium were shifted to the restricted
temperature. These cells assembled actomyosin rings similar to the cdc16-116 single
mutant control. Moreover, the SIN-induced rings in mid1-18 cdc16-116 double
mutant cells were largely orthogonal similar to wild-type rings and in contrast to the
misaligned rings frequently observed in mitotic mid1-18 cells (data not shown). These
results indicate that both the role of Mid1p in actomyosin ring formation and its role
in positioning the ring orthogonal to the long axis of the cell are restricted to early
stages of mitosis.
The rings assembled upon activation of the SIN in S phase contained Rlc1p (Fig.
15A), the myosin II heavy chain Myo2p (Fig. 15C), F-actin and Cdc4p (data not
shown). Interestingly, however, Mid1p was not detected in the rings assembled in
interphase arrested cells and was instead present in the nucleus in these cells (Yinyi
Huang and Mohan K. Balasubramanian). Fig. 15C shows localisation of Mid1p in
relation to Myo2p in interphase arrested cells with ectopic SIN activation. Based on
these studies, rings assembled upon SIN activation do not contain Mid1p, but contain
several other components of the actomyosin ring. These observations are consistent
with previous findings that Mid1p is not detected in a large fraction of cells
containing unconstricted rings, upon delays in septation in the cps1-191 mutant, under
conditions in which the SIN appears to remain active (Pardo and Nurse, 2003).
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Previous studies have shown that S. pombe cells are able to remain viable and form
colonies in response to minor perturbations of the division machinery. For example
when the function of the catalytic subunit of 1,3-β-glucan synthase, encoded by cps1+
(Le Goff et al., 1999; Liu et al., 1999; Liu et al., 2000b), is partially compromised,
cells remain viable and in a cytokinesis competent state which is characterised by
prolonged maintenance of the actomyosin ring and a G2 nuclear cycle delay (Mishra
et al., 2004). These responses require the SIN and the phosphatase Clp1p (Cueille et
al., 2001; Mishra et al., 2004; Trautmann et al., 2001). To test whether Cdc15p
function is required for the prolonged maintenance of the actomyosin ring upon
cytokinesis delay, cdc15+ cps1-191 and cdc15-140 cps1-191 cells were shifted to the
restrictive temperature leading to inactivation of mutant Cdc15p and Cps1p. Both
strains expressed Rlc1-GFP as a marker for the actomyosin ring. Four hours after
temperature shift, 42% of cps1-191 single mutant cells but only 1.5% of cdc15-140
cps1-191 double mutant cells displayed actomyosin rings (Fig. 15D, E). This failure
to maintain actomyosin rings was indeed due to the loss of function of these two
genes since cdc15-140 cps1-191 double mutant control cells that were kept at the
permissive temperature showed no defect in actomyosin ring formation (23%
displayed rings; Fig. 15D, E). These observations indicate that Cdc15p function is
required for maintenance of the actomyosin ring in response to cytokinesis delay upon
perturbation of the division machinery.
5.5  Cdc15p acts downstream of the SIN
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Previous studies which examined the genetic interaction between cdc15 and the SIN
indicated that components of the SIN may function upstream of Cdc15p (Cullen et al.,
2000; Marks et al., 1992). This idea is supported by the finding that upon cytokinesis
failure, cdc15 mutants delay progression through the next nuclear cycle and maintain
a binuclear configuration in a SIN- and Clp1p-dependent manner (Jianhua Liu and
Mohan K. Balasubramanian, unpublished; (Mishra et al., 2004)). To further examine
the function of Cdc15p relative to the SIN, the localisation of the non-essential SIN
component, the phosphatase Clp1p, and of a representative essential SIN molecule,
the protein kinase Cdc7p, were characterised in cdc15+ cps1-191 cells and cdc15-140
cps1-191 cells.
Clp1p localises to the nucleolus in interphase and to the cytoplasm during cell
division (Cueille et al., 2001; Trautmann et al., 2001). Upon cytokinesis delay, Clp1p
is retained in the cytoplasm until completion of cytokinesis. This retention requires
active SIN signalling and the 14-3-3 protein Rad24p (Mishra et al., 2005; Trautmann
et al., 2001). When cdc15+ cps1-191 and cdc15-140 cps1-191 cells which expressed
Clp1-GFP were shifted to the restrictive temperature for four hours, 51% of cps1-191
single mutant cells and 50% of cdc15-140 cps1-191 double mutant cells displayed
Clp1-GFP localisation in the cytoplasm while all other cells showed a visible
concentration of Clp1p in the nucleolus (Fig. 16A, B). Note that cells which show
nucleolar Clp1-GFP localisation in Fig. 16A are uninucleate cells and were not
undergoing mitosis. Hence, the retention of Clp1p in the cytoplasm upon cytokinesis
delay is not dependent on Cdc15p function.
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Figure 16. Cytoplasmic retention of Clp1p and spindle pole body localisation of
Cdc7p are maintained upon cytokinesis delay in cdc15 mutant cells.
(A) cps1-191 clp1-GFP and cdc15-140 cps1-191 clp1-GFP cells were shifted to the
restrictive temperature for four hours. Samples were fixed, stained with DAPI to
visualise DNA and examined for cytoplasmic localisation of Clp1-GFP
(epifluorescence). (B) Quantitation of cytoplasmic Clp1-GFP localisation in cps1-191
clp1-GFP cells (black bar) and cdc15-140 cps1-191 clp1-GFP cells (white bar). (C)
cps1-191 cdc7-GFP and cdc15-140 cps1-191 cdc7-GFP cells were shifted to the
restrictive temperature for four hours. Samples were fixed and stained with α-GFP
antibodies and DAPI to visualise Cdc7p localisation and DNA, respectively. (D)
Quantitation of Cdc7-GFP localisation in cps1-191 cdc7-GFP cells (black bar) and




In cycling cells, Cdc7p localises to both spindle pole bodies (SPBs) early in mitosis,
to only one SPB in later stages of cell division, and Cdc7p shows no distinct
localisation during interphase (Sohrmann et al., 1998). Upon cytokinesis delay, Cdc7p
is maintained on one SPB for prolonged periods (Liu et al., 1999; Mishra et al., 2004).
When cdc15+ cps1-191 and cdc15-140 cps1-191 cells which expressed Cdc7-GFP
were shifted to the restrictive temperature for four hours, similar percentages of both
cps1-191 single mutant cells (63%) and cdc15-140 cps1-191 double mutant cells
(68%) localised Cdc7-GFP to a single SPB (Fig. 16C, D). Most other cells showed no
distinct localisation of Cdc7-GFP while a minor fraction in both strains localised
Cdc7-GFP to both SPBs (Fig. 16D). Thus, the prolonged maintenance of Cdc7p on a
single SPB is not dependent on Cdc15p function.
Taken together, the results further establish a pathway in which Cdc15p functions
downstream of the SIN. The presence of cytoplasmic Clp1p and active SIN signalling
in cdc15-140 cps1-191 cells (Fig. 16A-D) also suggests that the lack of actomyosin
rings in these double mutant cells (Fig. 15D and E) is not due to disruption of the
signalling network that establishes the cytokinesis delay but likely due to structural
problems related to actomyosin ring maintenance.
5.6  Hypophosphorylation of Cdc15p occurs in at least two distinct steps
The requirement of Cdc15p for actomyosin ring formation is dependent on the stage
of the cell cycle. To gain a biochemical handle we set out to assess changes in the
molecular properties of Cdc15p that may correlate with its function. Cdc15p is a
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phosphoprotein that is hyperphosphorylated during interphase and
hypophosphorylated during cell division resulting in the detection of slow and fast
migrating forms of Cdc15p by Western blotting (Fankhauser et al., 1995). To
compare the mobility of Cdc15p at different stages of the cell cycle, samples from
synchronous cultures were obtained to serve as a reference. cdc25-22 cells expressing
HA-tagged Cdc15p were arrested at the G2/M boundary by incubation at the
restrictive temperature. Under these conditions Cdc15p is found in a slow migrating
band (Fig. 17A; cdc25-22 block). Upon shift to the permissive temperature, the fastest
migrating form of Cdc15p first appears 60 minutes after release (Fig. 17A; cdc25-22
release).
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Figure 17. Hypophosphorylation of Cdc15p in at least two distinct steps, of
which one is dependent on Clp1p, and maintenance of hypophosphorylation
upon cytokinesis delay.
(A) cdc25-22 cdc15-HA cells were arrested at the G2/M boundary by incubation at
the restrictive temperature for four hours and synchronously released by shift to the
permissive temperature (t=0 minutes). nda3-KM311 cdc15-HA cells were arrested at
metaphase by incubation at the restrictive temperature for six hours. Samples were
taken (cdc25-22 block is t=0 minutes; cdc25-22 release is t=60 minutes) and total
protein lysates prepared, separated by SDS-PAGE, blotted and detected with α-HA
antibodies. Note that the protein level of Cdc15p-HA differed among the samples;
total protein per lane was adjusted accordingly to compare similar amounts of
Cdc15p-HA. (B) Samples from cps1-191 cdc15-HA cells and clp1Δ::ura4+ cps1-191
cdc15-HA cells incubated at the restrictive temperature for four hours were separated
by SDS-PAGE, blotted and detected with α-HA antibodies. Membrane preparations
of these samples were used since they allowed for a slightly improved resolution of
Cdc15p-HA bands. (C) clp1Δ::ura4+ cdc25-22 cdc15-HA cells were arrested at the
G2/M boundary by incubation at the restrictive temperature for four hours and
synchronously released by shift to the permissive temperature (t=0 minutes).
clp1Δ::ura4+ nda3-KM311 cdc15-HA cells were arrested at metaphase by incubation
at the restrictive temperature for six hours. These samples and samples from
experiments in (A) (cdc25-22 block is t=0 minutes; cdc25-22 release is t=60 minutes
for clp1+ and t=80 minutes for clp1Δ) were separated by SDS-PAGE, blotted and
detected with α-HA antibodies. Note that the protein level of Cdc15p-HA differed
among the samples; total protein per lane was adjusted accordingly to compare
similar amounts of Cdc15p-HA.
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To study the mobility of Cdc15p in cells arrested in metaphase, the β-tubulin mutant
nda3-KM311 (Toda et al., 1983) was utilised which yields a tighter metaphase arrest
compared to overexpression of mad2+. Cdc15p mobility at metaphase is faster than in
interphase but slower than in cells undergoing cytokinesis (Fig. 17A; nda3-KM311
compared to cdc25-22 block and cdc25-22 release). Thus, hypophosphorylation of
Cdc15p during cell division occurs in at least two distinct steps: in metaphase and
during cytokinesis.
5.7  Hypophosphorylation of Cdc15p is maintained upon cytokinesis delay
Maintenance of actomyosin rings during cytokinesis delay upon perturbations to the
division machinery depends on Cdc15p. To assess the mobility of Cdc15p under these
conditions, cps1-191 mutant cells were incubated at the restrictive temperature to
induce cytokinesis delay. Interestingly, Cdc15p was observed in a fast migrating band
similar to cycling cells undergoing cytokinesis. The mobility was faster than in cells
which did not delay cytokinesis due to deletion of the phosphatase Clp1p (Fig. 17B,
cps1-191 clp1+ compared to cps1-191 clp1Δ). Note that the majority of cells in both
cultures are in G2 (Le Goff et al., 1999; Liu et al., 1999). However, there is no
actomyosin ring and the SIN is not active in the latter while there is a stable
actomyosin ring and active SIN signalling in the former. Hence, in cells with
cytokinesis delay, upon perturbation of the division machinery, Cdc15p is maintained
in a fast migrating form indicating hypophosphorylation. This is different from cells
which succeed in cell division where Cdc15p returns to the hyperphosphorylated form
(Fankhauser et al., 1995).
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5.8  Hypophosphorylation of Cdc15p is partially dependent on Clp1p
Maintenance of an active SIN (and of a stable actomyosin ring) upon cytokinesis
delay requires the Clp1p phosphatase (Mishra et al., 2004). Given that Cdc15p
appeared to be hypophosphorylated upon cytokinesis delay, we asked if its
dephosphorylation depended on Clp1p. To compare the mobility of Cdc15p in the
presence and absence of Clp1p, samples from synchronous cultures were obtained.
clp1Δ cdc25-22 cells were arrested at the G2/M boundary by incubation at the
restrictive temperature. Under these conditions Cdc15p is found in a slow migrating
band (Fig. 17C; cdc25-22 block clp1Δ). Upon shift to the permissive temperature, the
fast migrating form of Cdc15p first appears 80 minutes after release (Fig. 17C; cdc25-
22 release clp1Δ). Note that while the occurrence of fast migrating Cdc15p in clp1Δ
cells was observed 20 minutes later than in clp1+ cells, the peak of actomyosin ring
formation was similarly delayed by 20 min in clp1Δ cells compared to clp1+ cells
(data not shown). This is consistent with results published in previous studies: since
Clp1p has an additional role in mitotic exit by dephosphorylating the mitosis-
promoting phosphatase Cdc25p, progression through mitosis after release from a
G2/M block is delayed in a clp1Δ background compared to clp1+ (Wolfe and Gould,
2004). We therefore considered t=60 minutes in clp1+ cells and t=80 minutes in clp1Δ
cells to be equivalent with respect to mitotic progression.
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Samples were also obtained from clp1Δ cells arrested in metaphase by incubation of
the β-tubulin mutant nda3-KM311 at the restrictive temperature. Next, the mobility of
Cdc15p in clp1+ cells synchronised at the G2/M boundary, in metaphase and in
cytokinesis, respectively, were compared to the equivalent samples in a clp1Δ
background. While there were no detectable differences in Cdc15p mobility between
clp1+ and clp1Δ cells arrested at G2/M (Fig. 17C; cdc25-22 block), a faster migration
of Cdc15p in clp1+ as compared to clp1Δ was observed in both cells arrested at
metaphase and cells synchronised in cytokinesis (Fig. 17C; nda3-KM311 and cdc25-
22 release). Thus, the Clp1p phosphatase plays a (direct or indirect) role in the
hypophosphorylation of Cdc15p during cell division. However, hypophosphorylation
is only partially affected since a mobility shift of Cdc15p upon entry in cytokinesis
was detected even in clp1Δ cells (data not shown). It is possible, that Clp1p
contributes to only some but not all dephosphorylation events on Cdc15p during cell
division. Alternatively, there may be another pathway which is only partially
redundant to Clp1p with respect to Cdc15p dephosphorylation. Interestingly, when
clp1Δ cdc16-116 cells were arrested in S-phase by addition of HU to the medium and
the SIN pathway ectopically activated by a shift to the restrictive temperature, these
double mutant cells were still able to assemble actomyosin rings albeit at somewhat
reduced frequency compared to cdc16-116 single mutant cells (41% of clp1Δ cdc16-
116 double mutant cells vs. 52% of cdc16-116 single mutant cells displayed Rlc1-
GFP rings 80 minutes after shift to the restrictive temperature; Fig. 15A, B). Hence,
complete hypophosphorylation of Cdc15p to wild-type levels depends on the Clp1p
phosphatase and the maximally dephosphorylated form of Cdc15p may be most
potent in nucleating actomyosin rings in response to SIN and Clp1p activation.
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It has been shown previously that Cdc15p expression levels are elevated in dividing
cells compared to interphase cells (Fankhauser et al., 1995). However, compared to
interphase cells, Cdc15p levels were also increased when cells were arrested in
metaphase or exhibit cytokinesis delays (Fig. 17A and data not shown). Moreover,
Cdc15p levels were higher in clp1Δ cells arrested in metaphase or undergoing
division as compared to clp1+ cells at comparable cell cycle stages (Fig. 17C). Future
studies should investigate the precise timing of and molecular machinery involved in
cell cycle-dependent fluctuations of Cdc15p levels.
5.9  Discussion
Asynchronously growing cdc15 mutant cells assemble actomyosin rings upon entry
into mitosis (Fig. 11). Results obtained from arrested cells indicate that cdc15 mutants
maintain actomyosin rings for prolonged periods of time if progression through
mitosis is halted at metaphase (Fig. 12, 13). While our observations support previous
studies (Arai and Mabuchi, 2002; Balasubramanian et al., 1998), our work seems to
contradict some other studies (Carnahan and Gould, 2003; Chang et al., 1996;
Fankhauser et al., 1995). Given that actomyosin rings are assembled in germinating
cdc15Δ spores undergoing metaphase or anaphase (Fig. 11), it appears unlikely that
the differences between our work and that of others are due to the relative strengths of
the mutant alleles used. Rings were observed using four different probes (GFP-tagged
Rlc1p and Cdc12p to visualise myosin II and formin, respectively; Alexa 488-
conjugated phalloidin to visualise F-actin; α-Cdc4p antibodies to visualise myosin II),
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and it has been ensured that the cells monitored are in mitosis by microtubule
staining. Moreover, cdc15-140 and cdc15Δ mutants disassemble actomyosin rings
upon mitotic exit. Examination of cells at different points in the cell cycle may have
contributed to the observed phenotypic differences between various studies, in
particular since entry into the next round of mitosis occurs only after a significant
delay following cytokinesis failure in the absence of Cdc15p and other actomyosin
ring proteins (Cueille et al., 2001; Mishra et al., 2004; Trautmann et al., 2001). Thus,
Cdc15p is dispensable for actomyosin ring assembly at mitosis but is required for its
maintenance and constriction upon mitotic exit.
In the absence of functional Cdc15p the anillin-related Mid1p becomes essential for
assembly of the actomyosin ring (Fig. 14). While Mid1p has previously been
implicated in ring positioning (Sohrmann et al., 1996), it has been shown here that it
has an additional role in ring formation that is only uncovered in a cdc15 mutant
background. The fact that mid1 mutants assemble rings (albeit mispositioned and with
a somewhat reduced frequency) and maintain them upon metaphase arrest (Fig. 14)
suggests a functional redundancy for actomyosin ring formation: we propose that both
Mid1p- and Cdc15p-dependent pathways contribute to ring assembly early in mitosis.
Thus, transient ring formation in cdc15 mutants may be mediated by Mid1p.
Inversely, since Cdc15p is present at the division site in metaphase (Fig. 13B, C), it
may recruit Cdc12p and other ring components, and hence actomyosin rings assemble
even in the absence of functional Mid1p. In the concomitant absence of both Mid1p
and Cdc15p function, actomyosin ring formation is completely aborted. Given that
mid1 mutants assemble rings later in mitosis (Wu et al., 2003) compared to wild-type,
the Mid1p-dependent mechanism may play a primary role in ring assembly in
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metaphase, although the Cdc15p-dependent mechanism may compensate for this if
cells are held in metaphase.
In S. pombe, actomyosin ring assembly at metaphase is independent of the function of
the SIN pathway but maintenance and constriction of the actomyosin ring upon
mitotic exit requires SIN function (Krapp et al., 2004; Wu et al., 2003). The SIN is
also indispensable for prolonged maintenance of the actomyosin ring in response to
cytokinesis delay caused by mild perturbation of the cell division and septation
apparatuses (Le Goff et al., 1999; Liu et al., 2000b). Finally, ectopic activation of the
SIN in interphase cells leads to actomyosin ring assembly and septation prior to entry
into mitosis (Fankhauser et al., 1993; Schmidt et al., 1997). Given that both SIN
mutants and cdc15 mutants assemble actomyosin rings during mitosis but are unable
to maintain these rings following anaphase, it seems likely that SIN-mediated
actomyosin ring assembly and maintenance may function via Cdc15p. Consistently,
cps1-191 mutants, which maintain actomyosin rings for prolonged periods in a SIN-
dependent manner, are unable to do so in the absence of functional Cdc15p (Fig. 15D,
E). Furthermore, SIN-dependent assembly of actomyosin rings and septa induced by
ectopic SIN activation in interphase-arrested cells also depends on Cdc15p (Fig. 15A,
B). Based on these studies, SIN-mediated actomyosin ring assembly and septation
may depend on Cdc15p function. Interestingly, it has been found that Mid1p is not
detectable in rings induced by ectopic SIN activation (Fig. 15C).
The phosphatase Clp1p is retained in the cytoplasm upon cytokinesis delay in a SIN-
dependent manner (Trautmann et al., 2001). This cytoplasmic retention is maintained
even in the absence of Cdc15p function (Fig. 16A, B). Similarly, the protein kinase
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Cdc7p continues to localise to a single SPB upon cytokinesis delay in a Clp1p-
dependent manner suggesting a positive feedback loop between Clp1p and the SIN to
sustain each other's activity as well as stability of the actomyosin ring and delay of
progression of the nuclear cycle (Mishra et al., 2004). The SPB localisation of Cdc7p
is believed to indicate active SIN signalling (McCollum and Gould, 2001) and is
maintained even in the absence of Cdc15p function (Fig. 16C, D). The cytoplasmic
retention of Clp1p and localisation of Cdc7p in one SPB in cdc15 mutants suggests
that Cdc15p does not act upstream of or as an integral part of the feedback loop
between Clp1p and the SIN since in that case loss of function of Cdc15p would
abrogate the maintenance of their respective localisation patterns. Hence, SIN
signalling may regulate Cdc15p function, which in turn may induce actomyosin ring
formation and maintenance.
Previous studies have shown that Cdc15p undergoes dephosphorylation upon
progression through mitosis (Fankhauser et al., 1995). We have further characterised
the mobility of Cdc15p at various stages of the cell cycle. Cdc15p exists in at least
three forms: a slow migrating hyperphosphorylated form in interphase, an
intermediately phosphorylated form in metaphase and a fast migrating
hypophosphorylated form that appears during cytokinesis (Fig. 17A). A fast migrating
form of Cdc15p is also detected in cells delayed in cytokinesis although their nuclei
have returned to a G2 configuration (Fig. 17B). It is possible that increasing
dephosphorylation of Cdc15p enhances its affinity towards the formin Cdc12p and
activators of the Arp2/3 complex and may thus aid actomyosin ring assembly and
maintenance. Alternatively, the stability of Cdc15p may be regulated by its
phosphorylation status. Understanding the precise biochemical roles of these different
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phosphorylated and dephosphorylated forms depends on the identification and
characterisation of the phosphorylation sites. However, such studies may be
complicated by the high number of potential phosphorylation sites that have been
predicted by bioinformatics (data not shown) and established by mass spectrometry
(Rachel H. Roberts, Kathleen L. Gould, personal communication). Interestingly, the
Cdc15p homologue in S. cerevisiae, Hof1p, is degraded in late mitosis through a
mechanism that includes the SCF-type E3 ubiquitin ligase Grr1p, the PEST-domain
of Hof1p and possibly its phosphorylation (Blondel et al., 2005). Future studies
should also investigate the role of ubiqitination in S. pombe Cdc15p function.
Prolonged actomyosin ring maintenance upon cytokinesis delay depends on the SIN
and Clp1p, a protein phosphatase of the Cdc14p family (Cueille et al., 2001;
Trautmann et al., 2001). Although partial dephosphorylation of Cdc15p and the
resulting shift in its mobility is detected in clp1Δ mutants progressing through
mitosis, the fastest migrating form indicating maximal dephosphorylation is not
detected (Fig. 17C). It is currently unclear if Clp1p is directly responsible for the
dephosphorylation of Cdc15p or if Clp1p activates another phosphatase that in turn
dephosphorylates Cdc15p. In either case, the change in phosphorylation brought
about by Clp1p is not essential for cell division in conditions of unperturbed
cytokinesis, since S. pombe cells form rings and divide under standard laboratory
conditions in the absence of clp1+ (Cueille et al., 2001; Trautmann et al., 2001).
However, it may be important for prolonged maintenance of the actomyosin ring
upon cytokinesis delay or for most efficient recruitment of other ring components to
the division site.
95
In summary, we have shown that the FCH-domain protein Cdc15p is a key element
downstream of the SIN and plays an essential role in actomyosin ring assembly and
maintenance following anaphase, although Cdc15p is dispensable for ring assembly
early in mitosis. The activities of Cdc15p may in part be regulated by its
phosphorylation status that changes upon progression through mitosis. Future studies
should investigate the precise mechanism of SIN- and Cdc15p-mediated actomyosin
ring maintenance upon mitotic exit as well as cytokinesis delay. Identification of the
phosphorylation sites as well as characterisation of the interacting protein kinases and
phosphatases should help unravel the molecular function of Cdc15p in cytokinesis
and its regulation through the cell cycle.
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6  General discussion
While the composition of the actomyosin ring, the temporal regulation of mitosis and
cytokinesis and the enzymes involved in septum synthesis have been extensively
studied, little is known about how the vectorial addition of membrane during cell
division is regulated, what targets the division machinery to and restricts it at the site
of cytokinesis and how the constriction of the actomyosin ring is coordinated with
septum deposition.
A functional connection between membrane traffic and cell division has been shown
in plant cells where Golgi-derived vesicles accumulate in the future division plane
and fuse to form a centrifugally growing cell plate that partitions the cytoplasms of
the two daughter cells (Jurgens, 2005). Although the mechanism of cytokinesis in
fungal and animal cells is based on a centripetally constricting actomyosin ring and
appears quite different, a similar connection has been suggested by studies showing
that both exocytosis and endocytosis occur at the cleavage furrow and are important
for various aspects of cytokinesis in many organisms (Albertson et al., 2005; Gachet
and Hyams, 2005). One reason for this may be the need for continued membrane
addition in order to increase the total cell surface area during division. Another
reason, at least in fungal cells, may be the requirement for transport of the septum-
building machinery and new cell wall material to the division site.
Spatial regulation at early stages of cell division is achieved in different ways by
various organisms in which the process of division site placement has been studied: in
plants, an array of actin filaments and microtubules, the preprophase band, forms over
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the nucleus to mark the future division plane (Jurgens, 2005). Similarly, in fission
yeast, the anillin-related protein Mid1p relocates from the nucleus to a band on the
overlying cortex in late G2 and early M phases (Balasubramanian et al., 2004;
Burgess and Chang, 2005). In budding yeast the division site is predetermined by the
position of the bud emerging from the mother cell. This position is selected based on
the ploidy of the cell and involving bud site determinants which constitute cortical
protein landmarks that have been laid down during the previous cell cycle
(Balasubramanian et al., 2004). While several models have been proposed for division
site selection in animal cells, they all imply either positive or negative roles for the
different microtubule arrays that are present during mitosis (Balasubramanian et al.,
2004; Burgess and Chang, 2005; Motegi et al., 2006). Generally, the factors described
above determine the location of actomyosin ring assembly. However, it is not well
understood how the position of the actomyosin ring translates into spatial information
for membrane trafficking events. Hence, how secretion and endocytosis are coupled
to the cytoskeletal part of the division machinery on a molecular level, and whether
such a connection is based on hierarchical localisation and activation of proteins (and
lipids) or on physical properties of the plasma membrane at the division site, such as
tension or curvature, are important questions to be answered by future studies.
Interestingly, in fission yeast, the SIN pathway is important for the temporal
coordination of nuclear division on one hand and actomyosin ring constriction and
concomitant septum deposition on the other hand. While most SIN components
localise to one or both spindle pole bodies (the yeast equivalent of centrosomes), the
kinase believed to be at the downstream end of the pathway, Sid2p, also transiently
localises to the actomyosin ring, suggesting a role for the SIN not only in temporal
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but also spatial regulation of cytokinesis and possibly presenting a lead for future
investigation (Sparks et al., 1999).
In fission yeast, septum synthesis has been shown to be secretion dependent (Liu et
al., 2002), and during septum formation, both cell wall synthesising enzymes and
their substrates need to be delivered to the division site. Septum formation, in turn, is
closely coordinated with actomyosin ring constriction. When synthesis of septum
material in fission yeast is blocked by loss of function of the 1,3-β-glucan synthase
Cps1p/Drc1p, cells maintain stable actomyosin rings due to activation of the
cytokinesis checkpoint; however, these rings do not constrict (Liu et al., 1999).
Similar observations have been made in protoplasts of S. pombe cells whose cell wall
was removed by enzymatic digestion: when continued presence of enzyme in the
medium prevented septum formation, these protoplasts maintained stable, non-
constricting F-actin rings (Jochova et al., 1991). In the opposite situation, when cell
wall synthesis is functional but cells lack an actomyosin ring, septum formation is
uncoordinated: several mutants which fail to assemble actomyosin rings deposit
patches of septum material; however, these patches do not form functional septa since
separation of the cytoplasm is not completed (Streiblova et al., 1984). Although the
coordination of actomyosin ring constriction and septum deposition is apparent from
these observations, it is presently unclear how this coordination is achieved on a
molecular level.
Besides the functional connection between membrane traffic and cell division, it is
likely that there also exists a physical link between (plasma) membrane and division
apparatus. Firstly, in fission yeast, actomyosin rings maintain their perpendicular
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orientation to the long axis of the cell even after the anillin-related Mid1p, which
plays an important role in establishing an initial perpendicular orientation during ring
assembly, relocalises off the ring at later stages of mitosis, or in SIN-induced rings in
interphase-arrested cells (Fig. 15C; (Wu et al., 2003)). Secondly, as described above,
actomyosin ring constriction, membrane invagination and septum formation cannot be
uncoupled and are coordinated such that actomyosin ring, plasma membrane and
leading edge of the septum are maintained in immediate proximity. Thirdly, in higher
eukaryotic cells which do not feature a cell wall, the ingression of the cleavage furrow
is dependent on the force generated by the constricting actomyosin ring
(Balasubramanian et al., 2004). All of these observations point to a physical
connection, possibly a protein, that anchors the actomyosin ring to the plasma
membrane. While identification of such a molecule would greatly enhance our
appreciation of the relationship between cytoskeletal and membrane-associated
elements, to my knowledge no protein has so far been discovered that would fulfil the
required properties (see chapter 1.2.1). Given the importance of this connection for
cell division, it is likely that the mechanisms at work are of a redundant nature, and
hence more difficult to uncover and analyse by forward genetic approaches.
Work described in this thesis touches on various aspects of membrane trafficking,
septum formation and actomyosin ring assembly, maintenance and constriction, as
well as their mutual coordination. The characterisation of sterol-rich domains in the
plasma membrane of fission yeast cells (chapter 3) has highlighted that while much
progress has been made in identifying proteins involved in cell division, important
roles are also played by membrane structures and their constituent lipid molecules.
Both previously published examples of functional lipid species and evolving models
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of membrane organisation are outlined in chapter 1.1. Functions of sterol-rich
membrane domains in fission yeast and possibly in other organisms may be facilitated
by inclusion of certain types of proteins and exclusion of others. Hence it is possible
that such proteins reach a critical concentration or proximity to interact and contribute
to cell division and possibly growth only in sterol-rich membrane domains. Similarly,
the role of membrane domains may be to restrict molecules that are part of the growth
and division machineries to cellular growth zones and the division site, and to prevent
their diffusion or localisation to other areas of the plasma membrane. Proteins
residing in sterol-rich membrane domains may be involved in signalling events or
membrane trafficking, or they may play more structural roles such as anchoring of the
actomyosin ring. Testing of these ideas would be greatly facilitated by identification
of protein components of sterol-rich membrane domains. However, results from
purification of detergent-resistant membranes presented in chapter 4 indicate that
membrane domains examined by different techniques are not necessarily equivalent.
Thus, the choice of methods employed for such studies should be very carefully
considered. Alternative technical approaches include advanced fluorescence
microscopy applications, single particle tracking, atomic force microscopy, optical
tweezers and transmission electron microscopy (Lagerholm et al., 2005).
The analysis of the role of the FCH-domain protein Cdc15p in different stages of cell
division has not only revealed the existence of an alternative Mid1p-dependent
pathway for actomyosin ring formation but also further established Cdc15p as an
effector of the SIN (chapter 5). This study could be furthered by examination of
potential roles of Cdc15p in secretion which are indicated by its membrane
association and the complete lack of septum deposition in cdc15 mutant cells. Live
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cell imaging of secretory vesicle movement by GFP-tagging of marker proteins may
be performed in various mutant backgrounds and at different cell cycle stages.
Alternatively, it would also be interesting to take a closer look at the regulation of
Cdc15p expression on the transcriptional and translational levels as well as protein
stability and degradation. While cell cycle-dependent fluctuations of expression have
been reported, and a PCB-motif in the promotor and a PEST-motif in the amino acid
sequence have been identified (for details see chapter 1.2), further efforts are required
to elucidate the mechanisms involved and the precise timing of action with respect to
the cell cycle. Accumulation of Cdc15p in metaphase arrested cells and in a clp1Δ
background (Fig. 17) suggest potential starting points.
Much progress has been made in recent decades in understanding structural and
regulatory aspects of the cytoskeleton and in identifying the key structures and
molecules in cell division and cell polarity. Concurrently, our comprehension of
membrane trafficking has advanced from the observation of different intracellular
membrane bound bodies to a description of their identities and interactions in
molecular terms. Combining this knowledge with the ongoing development of
improved or new technical possibilities should further our insight into the interplay of
cytoskeletal and membrane structures that is necessary to accomplish elementary
cellular processes such as growth and division.
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Cell division in the fission yeast Schizosaccharomyces pombe requires the formation and constriction of an actomyosin
ring at the division site. The actomyosin ring is assembled in metaphase and anaphase A, is maintained throughout
mitosis, and constricts after completion of anaphase. Maintenance of the actomyosin ring during late stages of mitosis
depends on the septation initiation network (SIN), a signaling cascade that also regulates the deposition of the division
septum. However, SIN is not active in metaphase and is not required for the initial assembly of the actomyosin ring early
in mitosis. The FER/CIP4-homology (FCH) domain protein Cdc15p is a component of the actomyosin ring. Mutations in
cdc15 lead to failure in cytokinesis and result in the formation of elongated, multinucleate cells without a division septum.
Here we present evidence that the requirement of Cdc15p for actomyosin ring formation is dependent on the stage of
mitosis. Although cdc15 mutants are competent to assemble actomyosin rings in metaphase, they are unable to maintain
actomyosin rings late in mitosis when SIN is active. In the absence of functional Cdc15p, ring formation upon metaphase
arrest depends on the anillin-like Mid1p. Interestingly, when cytokinesis is delayed due to perturbations to the division
machinery, Cdc15p is maintained in a hypophosphorylated form. The dephosphorylation of Cdc15p, which occurs
transiently in unperturbed cytokinesis, is partially dependent on the phosphatase Clp1p/Flp1p. This suggests a mecha-
nism where both SIN and Clp1p/Flp1p contribute to maintenance of the actomyosin ring in late mitosis through Cdc15p,
possibly by regulating its phosphorylation status.
INTRODUCTION
The formation of a contractile actomyosin-based ring is a
key feature of cytokinesis that is conserved from yeast to
mammals (Balasubramanian et al., 2004). Depending on the
cell type studied, the actomyosin ring has different functions
including force generation and targeted membrane addition.
In the fission yeast Schizosaccharomyces pombe, the actomyo-
sin ring is assembled upon entry into mitosis when its
various components are recruited to the ring in a sequential
manner (Rajagopalan et al., 2003; Wu et al., 2003; Wolfe and
Gould, 2005). The future division site is determined even
earlier, in the G2 phase of the cell cycle, by localization of
anillin-related Mid1p to a cortical band that overlays the
interphase nucleus (Sohrmann et al., 1996; Wu et al., 2003).
The actomyosin ring is maintained through anaphase and
begins constriction only after nuclear segregation to the cell
ends in order to ensure faithful separation of the genetic
material (Wolfe and Gould, 2005). In S. pombe, the actomy-
osin ring is essential for cytokinesis. This has allowed for
isolation of mutants that are defective in assembly or main-
tenance of the ring and hence display cell division arrest
phenotypes, i.e., they fail to lay down a division septum and
form elongated multinucleate cells. Such genetic screens have
yielded several temperature-sensitive alleles of the cdc15 gene
(Nurse et al., 1976; Chang et al., 1996; Balasubramanian et al.,
1998).
Cdc15p is the founding member of a protein family char-
acterized by a FER/CIP4-homology domain at the N-termi-
nus followed by a coiled-coil region and an SH3-domain at
the C-terminus. Homologues have been identified in various
organisms including budding yeast, chicken, mouse and
human (Fankhauser et al., 1995; Lippincott and Li, 2000). In
S. pombe, Cdc15p itself localizes to the actomyosin ring dur-
ing cell division, whereas it is found in patches concentrated
at the cell tips during interphase (Fankhauser et al., 1995;
Carnahan and Gould, 2003). It is hyperphosphorylated in
interphase and hypophosphorylated in dividing cells
(Fankhauser et al., 1995).
Several studies have examined the mutant phenotype of
cdc15 with respect to the ability to form an actomyosin ring.
This has led to conflicting results that may be due to differ-
ing experimental designs, e.g., use of synchronous versus
asynchronous cultures, different mutant alleles, different
markers for the actomyosin ring or sensitivity of the assays
(Fankhauser et al., 1995; Chang et al., 1996; Balasubramanian
et al., 1998; Arai and Mabuchi, 2002; Carnahan and Gould,
2003). Using rhodamin-conjugated phalloidin to visualize
F-actin in cdc15-140 mutant cells, Fankhauser et al. (1995)
noted infrequent formation of actin rings (ca. 5% of wild-
type) that showed fainter staining than wild-type cells. Ap-
plying the same probe to another allele, cdc15-287, Chang et
This article was published online ahead of print in MBC in Press
(http://www.molbiolcell.org/cgi/doi/10.1091/mbc.E05–11–1086)
on May 10, 2006.
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al. (1996) observed up to 20% of mitotic cells with faint actin
rings but attributed this to incomplete penetrance. Carnahan
and Gould (2003) report detection of poorly organized and
incomplete actin rings in 2% of cdc15-140 mutant cells, but
they did not detect any rings with Alexa 488–conjugated
phalloidin in cdc15 cells. Although all of the above-men-
tioned studies used asynchronous cultures that had been
shifted to the restrictive temperature for varying periods of
time, Balasubramanian et al. (1998) detected actin rings in
mitotic cdc15-A5 cells as well as in dividing cdc15-140 cells
obtained from synchronous cultures using rhodamin-conju-
gated phalloidin and -Cdc4p antibodies to detect F-actin
and myosin II, respectively. Similarly, Arai and Mabuchi
(2002) observed Bodipy-phallacidin–stained F-actin rings in
mitotic cdc15-140 cells whose cell cycle stage was deter-
mined by costaining for a spindle pole body marker. These
authors noted that although cdc15-140 mutant cells were
capable of assembling distorted F-actin rings comparable to
those in anaphase A wild-type cells, they failed to form fully
compacted and constricting rings, as seen in wild-type cells
from anaphase B onward.
However, it appears unambiguous that Cdc15p promotes
medial F-actin assembly because overexpression of cdc15
during interphase results in ectopic formation of F-actin
structures in the middle of the cell (Fankhauser et al., 1995).
The role of Cdc15p in the rearrangement of F-actin may be
mediated by its ability to recruit F-actin nucleation path-
ways to the site of cell division. The activators of the Arp2/3
complex Myo1p (type I myosin), Wsp1p (Wiskott Aldrich
Syndrome protein [WASP] homologue) and Vrp1p (homo-
logue of verprolin/WASP interacting protein [WIP]) fail to
localize to the medial region in a cdc15 mutant, and Myo1p
has also been shown to interact directly with Cdc15p. More-
over, Cdc15p colocalizes with the formin Cdc12p in a medial
spot and in the actomyosin ring, and these two proteins
exhibit direct interaction (Carnahan and Gould, 2003).
Cdc15p has also been shown to organize sterol-rich mem-
brane domains (Takeda et al., 2004), although how these
domains function in actomyosin ring maintenance is pres-
ently unclear.
The septation initiation network (SIN) is a signaling cas-
cade that becomes activated in anaphase upon cyclin B
degradation and is related to the mitotic exit network (MEN)
in the budding yeast Saccharomyces cerevisiae. It comprises a
small GTPase and several protein kinases as well as regula-
tory and scaffolding proteins (Krapp et al., 2004). In addition,
the protein phosphatase Clp1p (also termed Flp1p) has been
identified as a nonessential component of SIN under normal
conditions but becomes important for cell survival upon
perturbations to the cytokinetic machinery (Cueille et al.,
2001; Trautmann et al., 2001; Mishra et al., 2004). SIN appears
to provide a link between cell cycle progression, actomyosin
ring stability upon mitotic exit, and division septum assem-
bly. As a result, SIN mutants do not assemble division septa
because of the unstable nature of the actomyosin ring as well
as the requirement for SIN signaling in septum assembly.
How SIN affects actomyosin ring stability and septum as-
sembly is currently unclear. Interestingly, genetic analysis of
the interactions between cdc15 and components of SIN sug-
gests that SIN may regulate the function of Cdc15p (Marks
et al., 1992).
Here we have reinvestigated Cdc15p function and present
evidence that Cdc15p becomes essential for actomyosin ring
assembly and maintenance only upon activation of SIN but
not in early mitosis. Thus, Cdc15p may function down-
stream of SIN in ring formation to promote septation in
unperturbed cells and may contribute to the long-term sta-
bility of the actomyosin ring in a SIN-dependent manner
upon cytokinesis delay.
MATERIALS AND METHODS
Media for cell culture were as described previously (Moreno et al., 1991).
Growth temperatures were 24°C (permissive) and 36°C (restrictive) for tem-
perature-sensitive strains, 30°C (permissive) and 18°C (restrictive) for cold-
sensitive strains, and 30°C for all other strains. Cells were arrested in S phase
by addition of hydroxyurea (HU; Sigma, St. Louis, MO) to 12 mM final
concentration to the medium followed by the same amount of HU after 4 h.
For fluorescence microscopy, cells were fixed with 7% formaldehyde. We
either observed GFP-epifluorescence or processed cells for immunostaining as
described previously (Balasubramanian et al., 1997). We visualized DNA
with DAPI (Sigma) and F-actin with Alexa 488–conjugated phalloidin (Mo-
lecular Probes, Eugene, OR). Antibodies were from Molecular Probes (-GFP,
Alexa 488–conjugated -rabbit, Alexa 594–conjugated -mouse), a kind gift
of Dr Keith Gull (-tubulin) or as described previously (-Cdc4p; McCollum
et al., 1995). Fluorescence microscopy was done with Leica DMLB or DMIRE2
(Deerfield, IL) or Olympus IX71 (Melville, NY) microscopes and appropriate
sets of filters. Confocal microscopy was done with a Zeiss LSM 510 (Thorn-
wood, NY). Images were captured using Photometrics CoolSNAP ES or HQ
cameras (Tucson, AZ) and MetaVue or MetaMorph software (Universal Im-
aging, West Chester, PA). Quantitative data are based on counting of at least
200 cells per sample unless otherwise stated. Error bars represent SDs.
Cells were lysed by beating with glass beads in the presence of TNE buffer
(50 mM Tris-HCl, pH 7.4, 150 mM NaCl, 5 mM EDTA, 1 mM phenylmethyl-
sulfonyl fluoride, supplemented with protease inhibitors; Complete EDTA-
free; Roche Diagnostics, Basel, Switzerland). Total protein lysates were pre-
pared by addition of 2 Laemmli sample buffer and dithiothreitol (Harlow
and Lane, 1988). Proteins were separated by electrophoresis in gels of appro-
priate polyacrylamide concentration and blotted on PVDF membrane (Milli-
pore, Bedford, MA). Antibodies for detection were from Roche Diagnostics
(-HA), Jackson ImmunoResearch (West Grove, PA; horseradish peroxidase–
conjugated -mouse and -rabbit) or as described previously (-Arp3p; Mc-
Collum et al., 1996).
RESULTS
cdc15 Mutant Cells Form Actomyosin Rings during
Metaphase and Anaphase
To better understand the molecular nature of Cdc15p func-
tion as well as its regulation, we set out to define the win-
dow of the cell cycle during which Cdc15p is active in
actomyosin ring formation. To this end we shifted asynchro-
nously growing temperature-sensitive cdc15-140 mutant
cells to the restrictive temperature for 3 h and fixed and
stained for tubulin and Cdc4p, the essential light chain of
myosin II that served as a marker for the actomyosin ring
(McCollum et al., 1995; Naqvi et al., 1999). We noticed that a
subpopulation of cells displayed Cdc4p in medial ring struc-
tures. Counting of 50 cells bearing Cdc4p rings revealed that
8 showed short spindles indicative of metaphase or an-
aphase A, 38 had long spindles indicative of anaphase B, and
4 had no spindles (Figure 1; cdc15-140). This suggested that
Cdc15p is not strictly required for localization of Cdc4p to
the medial ring structure at early stages of division (meta-
phase and anaphase) and is similar to what has been ob-
served in SIN mutants (Wu et al., 2003). Cdc7p is a protein
kinase that is an essential component of the SIN pathway
(Krapp et al., 2004). When we shifted asynchronously grow-
ing temperature-sensitive cdc7-24 mutant cells to the restric-
tive temperature for 3 h, we found that, as in the case of the
cdc15-140 mutant, the majority of cells with Cdc4p rings
displayed mitotic spindles (32 of 50 cells), although rings
appeared to persist longer after spindle breakdown, com-
pared with the cdc15-140 mutant (Figure 1; cdc7-24).
We have shown that nearly all cdc15-140 mutant cells with
Cdc4p rings were in various stages of nuclear separation,
indicated by the presence of a mitotic spindle. We then
asked whether the reverse is true, i.e., if all cdc15-140 cells
with spindles would form actomyosin rings. Of 50 cdc15-140
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mutant cells with anaphase spindles, 49 had assembled
Cdc4p rings (Figure 1; cdc15-140). This observation supports
previous studies that used centrifugal elutriation to synchro-
nize cdc15-140 mutant cells and demonstrates their ability to
form transient actomyosin rings (Balasubramanian et al.,
1998). To test whether the ability to form actomyosin rings at
early stages of mitosis may be specific to the cdc15-140 allele,
we shifted asynchronously growing temperature-sensitive
cdc15-287 mutant cells to the restrictive temperature for 3 h.
Of 50 cdc15-287 mutant cells with anaphase spindles, 47 had
assembled Cdc4p rings (Figure 1; cdc15-287). This suggested
that actomyosin ring assembly in early mitosis may not
require Cdc15p.
The cdc15-140 and cdc15-287 mutant alleles are completely
defective for septum formation at the restrictive temperature
(Nurse et al., 1976; Chang et al., 1996). However, it cannot be
ruled out that there may be residual function associated with
the mutant protein that may be sufficient for actomyosin
ring assembly during early stages of mitosis but insufficient
for completion of cytokinesis. To address this concern, we
germinated spores from a strain in which the cdc15 open
reading frame was replaced by the ura4-cassette in selec-
tive medium, allowing only the spores carrying the cdc15
deletion to germinate and grow (Fankhauser et al., 1995).
Staining for tubulin and Cdc4p revealed that 90% (90 of 100
cells) of cells with short spindles indicative of metaphase or
Figure 1. Formation of actomyosin rings dur-
ing metaphase and anaphase in cdc15 mutant
cells. cdc15-140, cdc15-287, and cdc7-24 cells were
grown asynchronously at the permissive tem-
perature and shifted to the restrictive tempera-
ture for 3 h. Spores from a cdc15::ura4/cdc15
strain were incubated for 3 h in YES medium to
assist germination, washed, and shifted to selec-
tive medium lacking uracil for 24 h. Cells were
fixed and stained with -Cdc4p antibodies,
-TAT1 antibodies, and DAPI to visualize acto-
myosin rings, tubulin, and DNA, respectively.
V. Wachtler et al.
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anaphase A displayed Cdc4p in a ring. Twenty-six of these
metaphase cells had multiple short spindles, suggesting that
these cells had failed in previous rounds of cytokinesis and
are indeed deleted for cdc15. Likewise, 99% (198 of 200 cells)
of cells with elongated spindles indicative of anaphase B
exhibited Cdc4p ring localization. Fifty-nine of these an-
aphase cells had multiple long spindles (Figure 1; cdc15).
We did not observe cells displaying Cdc4p rings that did not
have a spindle. Our results obtained from examination of
cdc15 cells show that Cdc15p is not required for actomyo-
sin ring formation in early stages of cell division and that
our results obtained with the temperature-sensitive cdc15-
140 and cdc15-287 mutant alleles are likely not due to resid-
ual activity of the mutant protein.
cdc15 Mutant Cells Maintain Stable Actomyosin Rings in
Metaphase
To more rigorously examine the possibility that Cdc15p was
not required for actomyosin ring assembly in early mitosis,
we arrested cdc15 and cdc15-140 cells in metaphase by
activation of the spindle assembly checkpoint through over-
expression of mad2 (He et al., 1997). Cells were shifted to
the restrictive temperature for 3 h to ensure inactivation of
mutant Cdc15p. It has been shown previously that 20–50%
of cells arrest in metaphase upon overexpression of mad2
(He et al., 1997; Guertin et al., 2000). To ensure that the
observed cells were indeed arrested, we stained cells for
tubulin and Cdc4p. Of all cells with short spindles indicative
of metaphase arrest, 87% of wild-type and 90% of cdc15-140
cells displayed Cdc4p rings (Figure 2, A and D). We con-
clude that Cdc15p function is not required for Cdc4p ring
assembly in metaphase.
To test whether actomyosin ring components other than
Cdc4p required Cdc15p function to assemble at the future
division site in early mitosis, we stained cells from the same
experiment with tubulin and Alexa 488–conjugated phalloi-
din to visualize F-actin. Furthermore, we carried out an
identical experiment with strains expressing Rlc1-GFP
(Rlc1p is the regulatory light chain of myosin II). Of all cells
arrested in metaphase, 96% of both wild-type and cdc15-140
cells displayed Rlc1-GFP rings (Figure 2, B and D). Likewise,
82% of wild-type and 85% of cdc15-140 cells exhibited F-actin
in a medial ring structure (Figure 2, C and D). Our results
show that both F-actin and myosin II localize to the actomy-
osin ring in the absence of functional Cdc15p.
The formin Cdc12p has been implicated in actomyosin
ring formation because cdc12-112 mutant cells lack any de-
tectable ring structures (Chang et al., 1997). Cdc15p and
Cdc12p directly interact and it has been proposed that
Cdc15p recruits Cdc12p to the division site (Carnahan and
Gould, 2003). Because our results indicated that cdc15-140
mutant cells are able to form rings containing F-actin and
myosin II in metaphase, we asked whether Cdc12p was also
localized to the middle of the cell at this stage of mitosis. To
this end we arrested cdc15 cells and cdc15-140 cells express-
ing Cdc12-GFP in metaphase as described above. When we
stained cells for tubulin and Cdc12-GFP, we found that of all
cells with short spindles, 86% of wild-type cells and 78% of
cdc15-140 cells displayed Cdc12-GFP rings (Figure 3, A and
C). However, we noted that the intensity of the Cdc12-GFP
signal was reduced in cdc15 mutant cells compared with
wild-type cells (Figure 3A). We conclude that S. pombe cells
recruit the formin Cdc12p to the division site in metaphase
even when Cdc15p function is compromised, although
Cdc15p likely contributes to the maximal recruitment or
retention of Cdc12p at the division site.
Because our observations suggested that in metaphase
Cdc15p is dispensable for actomyosin ring formation, we
asked whether Cdc15p itself is present at the division site
under our experimental conditions. Thus, we arrested Cdc15-
GFP cells in metaphase as described above. Staining for tu-
bulin and Cdc15-GFP showed that 91% of all cells with short
spindles displayed Cdc15-GFP in a ring (Figure 3, B and C).
We therefore conclude that, although Cdc15p localizes to the
ring early in mitosis and may contribute to the maximal
recruitment or retention of Cdc12p to the medial ring,
Cdc15p is not essential for ring assembly during early stages
of mitosis.
Mid1p Is Required for Actomyosin Ring Maintenance in
Metaphase in the Absence of Functional Cdc15p
We have shown that cdc15 mutant cells form actomyosin
rings in metaphase and anaphase and that recruitment of
Cdc12p to the division site is reduced but not abolished by
the absence of Cdc15p function. We sought to identify other
gene products that may (directly or indirectly through in-
teracting proteins) execute the functions of Cdc15p at early
stages of cell division. We chose the anillin-related Mid1p as
a candidate because it is the first known protein to localize to
the future division site (Wu et al., 2003), it is involved in
myosin II recruitment to the middle of the cell (Motegi et al.,
2004), and overexpression of mid1 leads to accumulation of
actin structures in the medial region (Paoletti and Chang,
2000). Moreover, actomyosin ring assembly in cycling mid1
mutants is delayed compared with wild-type control cells
(Wu et al., 2003). To test whether the formation of actomy-
osin rings in cdc15-140 mutant cells depended on the func-
tion of Mid1p, we arrested cdc15 mid1-18 cells and cdc15-
140 mid1-18 cells in metaphase as described above in strains
expressing Rlc1-GFP. When we stained cells for tubulin and
Rlc1-GFP, we found that of all cells with short spindles 73%
of the mid1-18 single mutant cells but none of the cdc15-140
mid1-18 double mutant cells exhibited actomyosin rings
(Figure 4, A and B). Although actomyosin rings in the
mid1-18 single mutant were frequently mispositioned or
aligned with the long axis of the cell, the cdc15-140 mid1-18
double mutant cells often displayed spot-like structures of
Rlc1-GFP (Figure 4A) that resembled the interphase progen-
itor thought to be a template for the actomyosin ring (Wong
et al., 2002). To ensure that the failure to form rings in the
cdc15-140 mid1-18 double mutant was indeed due to the loss
of function of these two genes and not the reporter gene, we
examined double mutant cells arrested at metaphase that
had been kept at the permissive temperature throughout the
experiment. Of all cells with short spindles 87% displayed
an actomyosin ring (Figure 4, A and B). Taken together with
our results from metaphase arrested wild-type and cdc15-
140 cells (Figure 2), we show that Mid1p has a role not only
in ring positioning but also in formation of the actomyosin
ring, which is only uncovered in the absence of functional
Cdc15p.
cdc15 Mutant Cells Fail to Form or Maintain Actomyosin
Rings when SIN Is Active
Previous studies have shown that actomyosin rings in cy-
cling cdc15 mutant cells are maintained only transiently
(Balasubramanian et al., 1998). Moreover, we did not observe
cdc15 cells with rings in other stages than metaphase or
anaphase. This suggested that Cdc15p may be required for
ring formation or maintenance after completion of anaphase
when the SIN pathway is activated after cyclin B proteolysis
(Guertin et al., 2000). Previous studies have shown that
activation of SIN leads to assembly of actomyosin rings and
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division septa from all cell cycle stages, even in the absence
of mitosis (Fankhauser et al., 1993; Schmidt et al., 1997).
Cdc16p is part of a two-component GTPase-activating pro-
tein negatively regulating the small GTPase Spg1p believed
to be a key regulator of the SIN signaling cascade, depend-
ing on the nucleotide bound to it. Loss of Cdc16p function
leads to ectopic SIN activation (Minet et al., 1979; Fankhauser
et al., 1993). To test whether Cdc15p function is required for
actomyosin ring formation in cells with active SIN, we ar-
rested cdc15 cdc16-116 and cdc15-140 cdc16-116 cells in S
phase by addition of HU to the medium. Cells were then
shifted to the restrictive temperature to inactivate the
Cdc15p and Cdc16p mutant proteins leading to activation of
SIN. Both strains carried Rlc1-GFP as a marker for the acto-
myosin ring. Eighty minutes after shift to the restrictive
temperature 52% of cdc16-116 single mutant cells had
formed actomyosin rings. In contrast, the cdc15-140 cdc16-
116 double mutant cells did not form rings throughout the
course of the experiment (Figure 5, A and B). This failure to
assemble actomyosin rings was indeed due to the loss of
Figure 2. Maintenance of stable actomyosin
rings in metaphase in cdc15 mutant cells. (A)
pREP1-mad2 and cdc15-140 pREP1-mad2 cells
were arrested in metaphase by growth in me-
dium lacking thiamine for 24 h. Cells were
shifted to the restrictive temperature for 3 h,
fixed, and stained with -Cdc4p antibodies,
-TAT1 antibodies, and DAPI to visualize acto-
myosin rings, tubulin, and DNA, respectively.
(B) pREP1-mad2 rlc1-GFP and cdc15-140 pREP1-
mad2 rlc1-GFP were grown and treated as in A
except for staining with -GFP antibodies to
visualize actomyosin rings. (C) pREP1-mad2
and cdc15-140 pREP1-mad2 cells were grown
and treated as in A except for staining with
Alexa 488–conjugated phalloidin to visualize F-
actin. (D) Quantitation of Cdc4p, Rlc1-GFP, and
F-actin rings in cells with short (metaphase)
spindles in pREP1-mad2 [rlc1-GFP] (f) and
cdc15-140 pREP1-mad2 [rlc1-GFP] ().
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function of these two genes, because cdc15-140 cdc16-116
double mutant control cells that were grown asynchro-
nously at the permissive temperature exhibited no defect in
actomyosin ring formation (unpublished data). We conclude
that Cdc15p is essential for assembly of actomyosin rings in
response to SIN activation.
The rings assembled upon activation of SIN in S phase
contained Rlc1p (Figure 5A), the myosin II heavy chain
Myo2p (Figure 5C), and F-actin and Cdc4p (unpublished
data). Interestingly, however, Mid1p was not detected in the
rings assembled in interphase-arrested cells and was instead
present in the nucleus in these cells. Figure 5C shows local-
ization of Mid1p in relation to Myo2p in interphase-arrested
cells with ectopic SIN activation. On the basis of these stud-
ies we conclude that rings assembled upon SIN activation do
not contain Mid1p, but contain several other components of
the actomyosin ring. These observations are consistent with
previous findings that Mid1p is not detected in a large
fraction of cells containing unconstricted rings, upon delays
in septation in the cps1-191 mutant, under conditions in
which SIN appears to remain active (Pardo and Nurse,
2003).
Previous studies have shown that S. pombe cells are able to
remain viable and form colonies in response to minor per-
turbations of the division machinery. For example when the
function of the catalytic subunit of 1,3--glucan synthase,
encoded by cps1 (Le Goff et al., 1999; Liu et al., 1999, 2000),
is partially compromised, cells remain viable and in a cyto-
kinesis competent state that is characterized by prolonged
maintenance of the actomyosin ring and a G2 nuclear cycle
delay (Mishra et al., 2004). These responses require the SIN
and the phosphatase Clp1p (Cueille et al., 2001; Trautmann
et al., 2001; Mishra et al., 2004). To test whether Cdc15p
function is required for the prolonged maintenance of the
actomyosin ring upon cytokinesis delay, we shifted cdc15
cps1-191 and cdc15-140 cps1-191 cells to the restrictive tem-
perature leading to inactivation of mutant Cdc15p and
Cps1p. Both strains expressed Rlc1-GFP as a marker for the
actomyosin ring. Four hours after temperature shift, 42% of
cps1-191 single mutant cells but only 1.5% of cdc15-140 cps1-
191 double mutant cells displayed actomyosin rings (Figure
5, D and E). This failure to maintain actomyosin rings was
indeed due to the loss of function of these two genes because
cdc15-140 cps1-191 double mutant control cells that were
kept at the permissive temperature showed no defect in
actomyosin ring formation (23% displayed rings; Figure 5, D
and E). These observations indicate that Cdc15p function is
required for maintenance of the actomyosin ring in response
to cytokinesis delay upon perturbation of the division ma-
chinery.
Cdc15p Acts Downstream of SIN
Previous studies that examined the genetic interaction be-
tween cdc15 and SIN indicated that components of SIN may
function upstream of Cdc15p (Marks et al., 1992). This idea is
supported by the finding that upon cytokinesis failure, cdc15
mutants delay progression through the next nuclear cycle
and maintain a binuclear configuration in a SIN- and Clp1p-
dependent manner (Jianhua Liu and M. K. Balasubrama-
nian, unpublished results; Mishra et al., 2004). To further
examine the function of Cdc15p relative to SIN, we charac-
terized the localization of the nonessential SIN component,
Figure 3. Maintenance of stable formin rings
in metaphase in cdc15 mutant cells. (A) pREP1-
mad2 cdc12-GFP and cdc15-140 pREP1-mad2
cdc12-GFP cells were arrested in metaphase by
growth in medium lacking thiamine for 24 h.
Cells were shifted to the restrictive tempera-
ture for 3 h, fixed, and stained with -GFP
antibodies, -TAT1 antibodies, and DAPI to
visualize formin rings, tubulin, and DNA, re-
spectively. (B) pREP1-mad2 cdc15-GFP cells
were grown and treated as in A except for
staining with -GFP antibodies to visualize
Cdc15p rings. (C) Quantitation of Cdc12-GFP
rings in cells with short (metaphase) spindles
in pREP1-mad2 cdc12-GFP (f) and cdc15-140
pREP1-mad2 cdc12-GFP () and of Cdc15-
GFP rings in cells with short (metaphase) spin-
dles in pREP1-mad2 cdc15-GFP (u).
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the phosphatase Clp1p, and of a representative essential SIN
molecule, the protein kinase Cdc7p, in cdc15 cps1-191 cells
and cdc15-140 cps1-191 cells.
Clp1p localizes to the nucleolus in interphase and to the
cytoplasm during cell division (Cueille et al., 2001; Trautmann
et al., 2001). Upon cytokinesis delay, Clp1p is retained in the
cytoplasm until completion of cytokinesis. This retention
requires active SIN signaling and the 14-3-3 protein Rad24p
(Trautmann et al., 2001; Mishra et al., 2005). When we shifted
cdc15 cps1-191 and cdc15-140 cps1-191 cells that expressed
Clp1-GFP to the restrictive temperature for 4 h, 51% of
cps1-191 single mutant cells and 50% of cdc15-140 cps1-191
double mutant cells displayed Clp1-GFP localization in the
cytoplasm, whereas all other cells showed a visible concen-
tration of Clp1p in the nucleolus (Figure 6, A and B). Note
that cells that show nucleolar Clp1-GFP localization in Fig-
ure 6A are uninucleate cells and were not undergoing mi-
tosis. Hence, the retention of Clp1p in the cytoplasm upon
cytokinesis delay is not dependent on Cdc15p function.
In cycling cells, Cdc7p localizes to both spindle pole bod-
ies (SPBs) early in mitosis and to only one SPB in later stages
of cell division, and Cdc7p shows no distinct localization
during interphase (Sohrmann et al., 1998). On cytokinesis
delay, Cdc7p is maintained on one SPB for prolonged peri-
ods (Liu et al., 1999; Mishra et al., 2004). When we shifted
cdc15 cps1-191 and cdc15-140 cps1-191 cells that expressed
Cdc7-GFP to the restrictive temperature for 4 h, similar
percentages of both cps1-191 single mutant cells (63%) and
cdc15-140 cps1-191 double mutant cells (68%) localized Cdc7-
GFP to a single SPB (Figure 6, C and D). Most other cells
showed no distinct localization of Cdc7-GFP, whereas a
minor fraction in both strains localized Cdc7-GFP to both
SPBs (Figure 6D). Thus, the prolonged maintenance of
Cdc7p on a single SPB is not dependent on Cdc15p function.
Taken together, our results further establish a pathway in
which Cdc15p functions downstream of SIN. The presence
of cytoplasmic Clp1p and active SIN signaling in cdc15-140
cps1-191 cells (Figure 6, A–D) also suggests that the lack of
actomyosin rings in these double mutant cells (Figure 5, D
and E) is not due to disruption of the signaling network that
establishes the cytokinesis delay but likely due to structural
problems related to actomyosin ring maintenance.
Figure 4. Requirement of Mid1p for actomyosin ring maintenance in metaphase in the absence of functional Cdc15p. (A) mid1-18
pREP1-mad2 rlc1-GFP and cdc15-140 mid1-18 pREP1-mad2 rlc1-GFP cells were arrested in metaphase by growth in medium lacking thiamine
for 24 h. Cells were shifted to the restrictive temperature for 3 h or kept at the permissive temperature as control, fixed and stained with -GFP
antibodies, -TAT1 antibodies, and DAPI to visualize actomyosin rings, tubulin, and DNA, respectively. (B) Quantitation of actomyosin rings
in cells with short (metaphase) spindles in mid1-18 pREP1-mad2 rlc1-GFP at the restrictive temperature (f) and cdc15-140 mid1-18
pREP1-mad2 rlc1-GFP at the restrictive (; y  0) and permissive temperature (u).
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Hypophosphorylation of Cdc15p Occurs in At Least Two
Distinct Steps
We have shown that the requirement of Cdc15p for actomyo-
sin ring formation is dependent on the stage of the cell cycle. To
gain a biochemical handle we set out to assess changes in the
molecular properties of Cdc15p that may correlate with its
function. Cdc15p is a phosphoprotein that is hyperphosphory-
lated during interphase and hypophosphorylated during cell
division resulting in the detection of slow and fast migrating
forms of Cdc15p by Western blotting (Fankhauser et al., 1995).
Figure 5. Failure to form or maintain actomyosin rings in cdc15 mutant cells when the septation initiation network is active. (A) cdc16-116
rlc1-GFP, cdc15-140 cdc16-116 rlc1-GFP and clp1::ura4 cdc16-116 rlc1-GFP cells were arrested in S phase by growth in the presence of 12 mM
HU. After 6 h cells were shifted to the restrictive temperature (t  0 min) to ectopically activate the septation initiation network. At t  80
min, cells were fixed, stained with DAPI to visualize DNA, and examined for presence of actomyosin rings marked by Rlc1-GFP
epifluorescence. (B) Quantitation of actomyosin rings in cdc16-116 rlc1-GFP cells (f), cdc15-140 cdc16-116 rlc1-GFP cells (; y  0.25) and
clp1::ura4 cdc16-116 rlc1-GFP cells (u). (C) cdc16-116 mid1-YFP CFP-myo2 cells were arrested in S phase as above. At t  60 min, live cells
were imaged by confocal microscopy. (D) cps1-191 rlc1-GFP and cdc15-140 cps1-191 rlc1-GFP cells were shifted to the restrictive temperature
for 4 h or kept at the permissive temperature as control. Samples were fixed, stained with DAPI to visualize DNA, and examined for presence
of actomyosin rings marked by Rlc1-GFP epifluorescence. (E) Quantitation of actomyosin rings in cps1-191 rlc1-GFP cells at the restrictive
temperature (f) and cdc15-140 cps1-191 rlc1-GFP cells at the restrictive (; y  1.5) and permissive temperature (u).
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To compare the mobility of Cdc15p at different stages of the cell
cycle, we first obtained samples from synchronous cultures to
serve as a reference. We arrested cdc25-22 cells expressing
HA-tagged Cdc15p at the G2/M boundary by incubation at the
restrictive temperature. Under these conditions Cdc15p is
found in a slow migrating band (Figure 7A; cdc25-22 block). On
shift to the permissive temperature, the fastest migrating form
of Cdc15p first appears 60 min after release (Figure 7A;
cdc25-22 release).
To study the mobility of Cdc15p in cells arrested in meta-
phase we utilized the -tubulin mutant nda3-KM311 (Toda et
al., 1983), which yields a tighter metaphase arrest compared
with overexpression of mad2. We observed that Cdc15p mo-
bility at metaphase is faster than in interphase but slower than
in cells undergoing cytokinesis (Figure 7A; nda3-KM311 com-
pared with cdc25-22 block and cdc25-22 release). We conclude
that hypophosphorylation of Cdc15p during cell division oc-
curs in at least two distinct steps: in metaphase and during
cytokinesis.
Hypophosphorylation of Cdc15p Is Maintained upon
Cytokinesis Delay
We have shown that maintenance of actomyosin rings dur-
ing cytokinesis delay upon perturbations to the division
machinery depends on Cdc15p. To assess the mobility of
Cdc15p under these conditions, we incubated cps1-191 mu-
tant cells at the restrictive temperature to induce cytokinesis
delay. Interestingly, we observed Cdc15p in a fast migrating
band similar to cycling cells undergoing cytokinesis. The
mobility was faster than in cells that did not delay cytoki-
nesis because of deletion of the phosphatase Clp1p (Figure
7B, cps1-191 clp1 compared with cps1-191 clp1). Note that
the majority of cells in both cultures are in G2 (Le Goff et al.,
1999; Liu et al., 1999). However, there is no actomyosin ring
and SIN is not active in the latter, whereas there is a stable
actomyosin ring and active SIN signaling in the former. We
conclude that in cells with cytokinesis delay, upon pertur-
bation of the division machinery, Cdc15p is maintained in a
fast migrating form indicating hypophosphorylation. This is
different from cells that succeed in cell division, where Cdc15p
returns to the hyperphosphorylated form (Fankhauser et al.,
1995).
Hypophosphorylation of Cdc15p Is Partially Dependent
on Clp1p
Maintenance of active SIN (and of a stable actomyosin ring)
upon cytokinesis delay requires the Clp1p phosphatase
(Mishra et al., 2004). Given that Cdc15p appeared to be
Figure 6. Cytoplasmic retention of Clp1p and spindle pole body localization of Cdc7p are maintained upon cytokinesis delay in cdc15mutant cells.
(A) cps1-191 clp1-GFP and cdc15-140 cps1-191 clp1-GFP cells were shifted to the restrictive temperature for 4 h. Samples were fixed, stained with
DAPI to visualize DNA, and examined for cytoplasmic localization of Clp1-GFP (epifluorescence). (B) Quantitation of cytoplasmic Clp1-GFP
localization in cps1-191 clp1-GFP cells (f) and cdc15-140 cps1-191 clp1-GFP cells (). (C) cps1-191 cdc7-GFP and cdc15-140 cps1-191 cdc7-GFP cells were
shifted to the restrictive temperature for 4 h. Samples were fixed and stained with -GFP antibodies and DAPI to visualize Cdc7p localization and
DNA, respectively. (D) Quantitation of Cdc7-GFP localization in cps1-191 cdc7-GFP cells (f) and cdc15-140 cps1-191 cdc7-GFP cells ().
V. Wachtler et al.
Molecular Biology of the Cell3262
hypophosphorylated upon cytokinesis delay, we asked if its
dephosphorylation depended on Clp1p. To compare the
mobility of Cdc15p in the presence and absence of Clp1p, we
first obtained samples from synchronous cultures. We ar-
rested clp1 cdc25-22 cells at the G2/M boundary by incu-
bation at the restrictive temperature. Under these conditions
Cdc15p is found in a slow migrating band (Figure 7C;
cdc25-22 block clp1). On shift to the permissive tempera-
ture, the fast migrating form of Cdc15p first appears 80 min
after release (Figure 7C; cdc25-22 release clp1). Note that
although we observed the occurrence of fast migrating
Cdc15p in clp1 cells 20 min later than in clp1 cells, the
peak of actomyosin ring formation was similarly delayed by
20 min in clp1 cells compared with clp1 cells (unpublished
data). This is consistent with results published in previous
studies: because Clp1p has an additional role in mitotic exit
by dephosphorylating the mitosis-promoting phosphatase
Cdc25p, progression through mitosis after release from a
G2/M block is delayed in a clp1 background compared
with clp1 (Wolfe and Gould, 2004). We therefore consid-
ered t  60 min in clp1 cells and t  80 min in clp1 cells
to be equivalent with respect to mitotic progression.
We also obtained samples from clp1 cells arrested in
metaphase by incubation of the -tubulin mutant nda3-
KM311 at the restrictive temperature. Next, we compared
the mobility of Cdc15p in clp1 cells synchronized at the
G2/M boundary, in metaphase and in cytokinesis, respec-
tively, to the equivalent samples in a clp1 background.
Although we were unable to detect any difference in Cdc15p
mobility between clp1 and clp1 cells arrested at G2/M
(Figure 7C; cdc25-22 block), we observed a faster migration
of Cdc15p in clp1 compared with clp1 in both cells ar-
rested at metaphase and cells synchronized in cytokinesis
(Figure 7C; nda3-KM311 and cdc25-22 release). Thus, the
Clp1p phosphatase plays a (direct or indirect) role in the
hypophosphorylation of Cdc15p during cell division. How-
ever, hypophosphorylation is only partially affected because
we detected a mobility shift of Cdc15p upon entry in cyto-
kinesis even in clp1 cells (unpublished data). It is possible,
that Clp1p contributes to only some but not all dephosphor-
ylation events on Cdc15p during cell division. Alternatively,
there may be another pathway that is only partially redun-
dant to Clp1p with respect to Cdc15p dephosphorylation.
Interestingly, when we arrested clp1 cdc16-116 cells in S
phase by addition of HU to the medium and ectopically
activated the SIN pathway by a shift to the restrictive tem-
perature, these double mutant cells were still able to assem-
ble actomyosin rings, albeit at somewhat reduced frequency
compared with cdc16-116 single mutant cells (41% of clp1
cdc16-116 double mutant cells vs. 52% of cdc16-116 single
mutant cells displayed Rlc1-GFP rings 80 min after shift to
the restrictive temperature; Figure 5, A and B). We conclude
that complete hypophosphorylation of Cdc15p to wild-type
levels depends on the Clp1p phosphatase and the maximally
dephosphorylated form of Cdc15p may be most potent in
nucleating actomyosin rings in response to SIN and Clp1p
activation.
It has been shown previously that Cdc15p expression
levels are elevated in dividing cells compared with inter-
phase cells (Fankhauser et al., 1995). We noted however that
compared with interphase cells, Cdc15p levels are also in-
creased when cells are arrested in metaphase or exhibit
cytokinesis delays (Figure 7A and unpublished data). More-
over, Cdc15p levels are higher in clp1 cells that are arrested
in metaphase or undergoing division as compared with
clp1 cells at comparable cell cycle stages (Figure 7C). Future
studies should investigate the precise timing of and molec-
ular machinery involved in cell cycle-dependent fluctuations
of Cdc15p levels.
DISCUSSION
We have shown that asynchronously growing cdc15 mutant
cells assemble actomyosin rings upon entry into mitosis
(Figure 1). Results obtained from arrested cells indicate that
cdc15 mutants maintain actomyosin rings for prolonged pe-
riods of time if progression through mitosis is halted at
metaphase (Figures 2 and 3). Although our observations
support previous studies (Balasubramanian et al., 1998; Arai
and Mabuchi, 2002), our work seems to contradict some
other studies (Fankhauser et al., 1995; Chang et al., 1996;
Carnahan and Gould, 2003). Given that actomyosin rings are
assembled in germinating cdc15 spores undergoing meta-
phase or anaphase (Figure 1), we think it is unlikely that the
differences between our work and that of others are due to
the relative strengths of the mutant alleles used. We have
observed rings using four different probes (GFP-tagged
Rlc1p and Cdc12p to visualize myosin II and formin, respec-
Figure 7. Hypophosphorylation of Cdc15p
in at least two distinct steps, of which one is
dependent on Clp1p, and maintenance of hy-
pophosphorylation upon cytokinesis delay.
(A) cdc25-22 cdc15-HA cells were arrested at the
G2/M boundary by incubation at the restrictive
temperature for 4 h and synchronously released
by shift to the permissive temperature (t  0
min). nda3-KM311 cdc15-HA cells were arrested
at metaphase by incubation at the restrictive
temperature for 6 h. Samples were taken
(cdc25-22 block is t  0 min; cdc25-22 release is
t  60 min), and total protein lysates were pre-
pared, separated by SDS-PAGE, blotted, and detected with -HA antibodies. Note that the protein level of Cdc15p-HA differed among the
samples; total protein per lane was adjusted accordingly to compare similar amounts of Cdc15p-HA. (B) Samples from cps1-191 cdc15-HA cells
and clp1::ura4 cps1-191 cdc15-HA cells incubated at the restrictive temperature for 4 h were separated by SDS-PAGE, blotted, and detected
with -HA antibodies. Membrane preparations of these samples were used because they allowed for a slightly improved resolution of
Cdc15p-HA bands. (C) clp1::ura4 cdc25-22 cdc15-HA cells were arrested at the G2/M boundary by incubation at the restrictive temperature
for 4 h and synchronously released by shift to the permissive temperature (t  0 min). clp1::ura4 nda3-KM311 cdc15-HA cells were arrested
at metaphase by incubation at the restrictive temperature for 6 h. These samples and samples from experiments in A (cdc25-22 block is t 
0 min; cdc25-22 release is t  60 min for clp1 and t  80 min for clp1) were separated by SDS-PAGE, blotted, and detected with -HA
antibodies. Note that the protein level of Cdc15p-HA differed among the samples; total protein per lane was adjusted accordingly to compare
similar amounts of Cdc15p-HA.
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tively; Alexa 488–conjugated phalloidin to visualize F-actin
and -Cdc4p antibodies to visualize myosin II), and we have
ensured that the cells monitored are in mitosis by microtu-
bule staining. We have also shown that cdc15-140 and cdc15
mutants disassemble actomyosin rings upon mitotic exit.
Examination of cells at different points in the cell cycle may
have contributed to the observed phenotypic differences, in
particular because entry into the next round of mitosis oc-
curs only after a significant delay after cytokinesis failure in
the absence of Cdc15p and other actomyosin ring proteins
(Cueille et al., 2001; Trautmann et al., 2001; Mishra et al.,
2004). Thus, we conclude that Cdc15p is dispensable for
actomyosin ring assembly at mitosis but is required for its
maintenance and constriction upon mitotic exit.
We have found that in the absence of functional Cdc15p
the anillin-related Mid1p becomes essential for assembly of
the actomyosin ring (Figure 4). Although Mid1p has previ-
ously been implicated in ring positioning (Sohrmann et al.,
1996), we have shown here that it has an additional role in
ring formation that is only uncovered in a cdc15 mutant
background. The fact that mid1 mutants assemble rings (al-
beit mispositioned and with a somewhat reduced frequency)
and maintain them upon metaphase arrest (Figure 4) sug-
gests a functional redundancy for actomyosin ring forma-
tion: we propose that both Mid1p- and Cdc15p-dependent
pathways contribute to ring assembly early in mitosis. Thus,
transient ring formation in cdc15 mutants may be mediated
by Mid1p. Inversely, because Cdc15p is present at the divi-
sion site in metaphase (Figure 3, B and C), it may recruit
Cdc12p and other ring components, and hence actomyosin
rings assemble even in the absence of functional Mid1p. In
the concomitant absence of both Mid1p and Cdc15p func-
tion, actomyosin ring formation is completely aborted.
Given that mid1 mutants assemble rings later in mitosis
(Wu et al., 2003) compared with wild-type, the Mid1p-
dependent mechanism may play a primary role in ring
assembly in metaphase, although the Cdc15p-dependent
mechanism may compensate for this if cells are held in
metaphase.
In S. pombe, actomyosin ring assembly at metaphase is
independent of the function of the SIN pathway but main-
tenance and constriction of the actomyosin ring upon mitotic
exit requires SIN function (Wu et al., 2003; Krapp et al., 2004).
SIN is also indispensable for prolonged maintenance of the
actomyosin ring in response to cytokinesis delay caused by
mild perturbation of the cell division and septation appara-
tuses (Le Goff et al., 1999; Liu et al., 2000). Finally, ectopic
activation of SIN in interphase cells leads to actomyosin ring
assembly and septation before entry into mitosis (Fankhauser
et al., 1993; Schmidt et al., 1997). Given that both SIN mutants
and cdc15 mutants assemble actomyosin rings during mito-
sis but are unable to maintain these rings after anaphase, it
seems likely that SIN-mediated actomyosin ring assembly
and maintenance may function via Cdc15p. Consistently, we
find that cps1-191 mutants, which maintain actomyosin rings
for prolonged periods in a SIN-dependent manner, are un-
able to do so in the absence of functional Cdc15p (Figure 5,
D and E). Furthermore, SIN-dependent assembly of actomy-
osin rings and septa induced by ectopic SIN activation in
interphase-arrested cells also depends on Cdc15p (Figure 5,
A and B). On the basis of these studies we conclude that
SIN-mediated actomyosin ring assembly and septation may
depend on Cdc15p function. Interestingly, we have found
that Mid1p is not detectable in rings induced by ectopic SIN
activation (Figure 5C).
The phosphatase Clp1p is retained in the cytoplasm upon
cytokinesis delay in a SIN-dependent manner (Trautmann et
al., 2001). This cytoplasmic retention is maintained even in
the absence of Cdc15p function (Figure 6, A and B). Simi-
larly, the protein kinase Cdc7p continues to localize to a
single SPB upon cytokinesis delay in a Clp1p-dependent
manner, suggesting a positive feedback loop between Clp1p
and SIN to sustain each other’s activity as well as stability of
the actomyosin ring and delay of progression of the nuclear
cycle (Mishra et al., 2004). The SPB localization of Cdc7p is
believed to indicate active SIN signaling (McCollum and
Gould, 2001) and is maintained even in the absence of
Cdc15p function (Figure 6, C and D). The cytoplasmic re-
tention of Clp1p and localization of Cdc7p in one SPB in
cdc15 mutants suggests that Cdc15p does not act upstream
of or as an integral part of the feedback loop between Clp1p
and SIN because in that case loss of function of Cdc15p
would abrogate the maintenance of their respective localiza-
tion patterns. We hence conclude that SIN signaling may
regulate Cdc15p function, which in turn may induce acto-
myosin ring formation and maintenance.
Previous studies have shown that Cdc15p undergoes
dephosphorylation upon progression through mitosis
(Fankhauser et al., 1995). We have further characterized the
mobility of Cdc15p at various stages of the cell cycle. We have
shown that Cdc15p exists in at least three forms: a slow mi-
grating hyperphosphorylated form in interphase, an interme-
diately phosphorylated form in metaphase, and a fast migrat-
ing hypophosphorylated form that appears during cytokinesis
(Figure 7A). A fast migrating form of Cdc15p is also detected in
cells delayed in cytokinesis although their nuclei have re-
turned to a G2 configuration (Figure 7B). It is possible that
increasing dephosphorylation of Cdc15p enhances its affin-
ity toward the formin Cdc12p and activators of the Arp2/3
complex and may thus aid actomyosin ring assembly and
maintenance. Alternatively, the stability of Cdc15p may be
regulated by its phosphorylation status. Understanding the
precise biochemical roles of these different phosphorylated
and dephosphorylated forms depends on the identification
and characterization of the phosphorylation sites. Interest-
ingly, the Cdc15p homologue in S. cerevisiae, Hof1p, is de-
graded in late mitosis through a mechanism that includes the
SCF-type E3 ubiquitin ligase Grr1p, the PEST-domain of Hof1p
and possibly its phosphorylation (Blondel et al., 2005). Future
studies should also investigate the role of ubiquitination in S.
pombe Cdc15p function.
Prolonged actomyosin ring maintenance upon cytokinesis
delay depends on SIN and Clp1p, a protein phosphatase of
the Cdc14p family (Cueille et al., 2001; Trautmann et al.,
2001). We have shown that although partial dephosphory-
lation of Cdc15p and the resulting shift in its mobility is
detected in clp1 mutants progressing through mitosis, the
fastest migrating form indicating maximal dephosphoryla-
tion is not detected (Figure 7C). It is currently unclear if
Clp1p is directly responsible for the dephosphorylation of
Cdc15p or if Clp1p activates another phosphatase that in
turn dephosphorylates Cdc15p. In either case, the change in
phosphorylation brought about by Clp1p is not essential for
cell division in conditions of unperturbed cytokinesis, be-
cause S. pombe cells form rings and divide under standard
laboratory conditions in the absence of clp1 (Cueille et al.,
2001; Trautmann et al., 2001). However, it may be important
for prolonged maintenance of the actomyosin ring upon
cytokinesis delay or for most efficient recruitment of other
ring components to the division site.
In summary, we have shown that the FCH-domain pro-
tein Cdc15p is a key element downstream of SIN and plays
an essential role in actomyosin ring assembly and mainte-
nance after anaphase, although Cdc15p is dispensable for
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ring assembly early in mitosis. The activities of Cdc15p may
in part be regulated by its phosphorylation status that
changes upon progression through mitosis. Future studies
should investigate the precise mechanism of SIN- and
Cdc15p-mediated actomyosin ring maintenance upon mi-
totic exit as well as cytokinesis delay. Identification of the
phosphorylation sites as well as characterization of the in-
teracting protein kinases and phosphatases should help un-
ravel the molecular function of Cdc15p in cytokinesis and its
regulation through the cell cycle.
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Research FocusYeast lipid rafts? – An emerging view
Volker Wachtler and Mohan K. Balasubramanian
Cell Division Laboratory, Temasek Life Sciences Laboratory, and the Department of Biological Sciences, 1 Research Link,
The National University of Singapore, Singapore 117604In various eukaryotes, sterol-rich membrane domains
have been proposed to play an important role in
polarization and compartmentalization of the plasma
membrane. Several studies have reported the cellular
distribution of sterols in genetically tractable yeast
species and the identification of molecules that might
regulate the localization of sterol-rich membrane
domains. Here, we attempt to synthesize our under-
standing of the function and organization of these
domains from the study of fungi and identify some
outstanding issues.
Introduction
In recent years, the idea that cellular membranes contain
distinct microdomains has gained considerable momen-
tum. In particular, a class of such domains that is rich in
cholesterol or ergosterol as well as sphingolipids, termed
lipid rafts, has been the subject of much attention. Lipid
rafts are thought to compartmentalize the plasma
membrane and to have important roles in cell signaling,
polarity and sorting [1]. These structures have been
extensively studied using the methods of cell biology and
biochemistry, whereas genetic analyses have until now
been relatively scarce.
Visualization of sterol-rich membrane domains in fungi
Sterol-rich membrane domains have been identified in
several fungal species, including the budding yeast
Saccharomyces cerevisiae, the fission yeast Schizosacchar-
omyces pombe as well as the pathogens Cryptococcus
neoformans and Candida albicans. The sterol-binding
fluorescent dye filipin [2] has been used to detect regions
with high sterol content in the plasma membrane of these
fungi [3–6]. In the rod-shaped unicellular S. pombe, sterol-
rich membrane domains are polarized throughout the
vegetative life cycle in a cell-cycle-dependent manner:
they localize to the growing cell ends during interphase
and to the medial division site during cytokinesis [4]
(Figure 1). A similar pattern had previously been observed
in freeze–fracture electron microscopy studies using high
filipin concentrations to induce alterations in the mem-
brane at the ultrastructural level [7]. The integrity of
sterol-rich membrane domains is important for the
positioning and maintenance of the actomyosin ring
during cell division. Moreover, in mating S. pombe cells,
sterols are polarized to the tip of the mating projection [4].
Thus, in fission yeast, sterol-rich membrane domainsCorresponding author: Balasubramanian, M.K. (mohan@tll.org.sg).
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division site.
In the human pathogen C. neoformans, sterols are
concentrated at bud tips and septa during vegetative
growth, as well as at protrusions that elongate to form
conjugation tubes during mating [6]. In contrast to
S. pombe and C. neoformans, sterols are distributed
uniformly throughout the plasma membrane in the
vegetative life cycle of S. cerevisiae. However, sterol-rich
membrane domains have been observed to localize in a
polarized manner towards the tip of the mating projection
in S. cerevisiae, just as they do in S. pombe. There they
might contribute to the polarized localization of proteins
involved in the mating process, which are thought to
preferentially partition into these domains [3]. However,
this result has recently been questioned by other studies.
In particular, Valdez-Taubas and Pelham have demon-
strated, in S. cerevisiae, that filipin and FM4-64, a
fluorescent membrane dye that does not have a specific
affinity for sterols, exhibit a largely identical staining
pattern in cells that were pre-treated with filipin [8]
(Figure 2a). Whether this is due to either membrane
perturbations caused by filipin, interactions between
filipin and FM4-64 or strong endocytic activity at the
shmoo tip is presently unclear. Additional work will thus
be necessary to conclude whether lipids (and in particular
sterols) are indeed polarized in budding yeast. The study
of Valdez-Taubas and Pelham highlights potential pro-
blems that might emanate when filipin is used as the sole
means to detect sterol localization. The fact that filipin can
affect the integrity of cell membranes calls for additional
caution in interpreting results obtained with this dye [2].
Future studies will surely benefit from the development of
complementary tools for the detection of sterol- and
sphingolipid-rich domains. Such markers might also
help validate conclusions obtained with filipin, as has
recently been shown in fission yeast [9].
The polarization of sterol-rich membrane domains,
however, appears to be unambiguous in fission yeast as
filipin and FM4-64 exhibit distinct staining patterns in
S. pombe [9] (Figure 2b). Furthermore, an independent
marker of lipid rafts, acylated GFP [10], has been shown to
display a staining pattern similar to that obtained with
filipin [9]. Taken together, these studies establish that
sterol-rich membrane domains are polarized in several
fungi, and this polarization is most obvious in fission
yeast. Whether this inherent membrane polarity is simply
the result of targeted exocytosis and endocytosis [8] orUpdate TRENDS in Cell Biology Vol.16 No.1 January 2006. doi:10.1016/j.tcb.2005.11.008
(a) (b) (c) (d)
Figure 1. Sterol localization in fission yeast. (a) Sterol localization changes in a cell-cycle-dependent manner. The sterol-binding dye filipin stains the cell ends during
interphase (1), a medial band after entry into mitosis (2), a medial band and membrane invaginations as cytokinesis proceeds (3) and the completed septum (4). (b–d) Sterol
localization marks sites of growth and cell division rather than the tips and the middle of the cell. (b) cdc10-V50 mutant cells display monopolar growth and filipin staining that
is strongly biased to the growing end. (c) orb1-13 mutant cells display unpolarized growth and filipin staining covering the entire circumference of the cell. (d) mid1-18 mutant




Figure 2. Co-staining of filipin and FM4-64. (a) In budding yeast, the sterol-binding
dye filipin and the lipophilic dye FM4-64 exhibit overlapping staining patterns in
cells that were pretreated with filipin. (b) In fission yeast, the staining patterns of
filipin and FM4-64 are distinct. Images reproduced, with permission, from Ref. [8]
(a) and Ref. [9] (b).
Update TRENDS in Cell Biology Vol.16 No.1 January 20062whether it provides some instructive cues to regulate
cellular polarity and cytokinesis remain to be determined.
How do sterol-rich membrane domains relate to lipid
rafts? The domains detected by filipin in S. pombe and
other fungi cover fairly large regions of the cell surface.
Although the size of individual lipid rafts is still debated, it
is safe to assume that rafts are much smaller than the
filipin-stained domains which might represent clusters of
lipid rafts. Filipin staining indicates the relative distri-
bution of sterols in the membrane; whether sterol
enrichment translates into functional lipid rafts or
whether it affects cellular physiology in other ways should
be a subject of future investigation.
Detergent-resistant membranes in yeast
It has been suggested that sterol-rich membrane domains
detected by filipin staining might represent a cluster of
microdomains termed lipid rafts [3,5,9,11,12]. Lipid rafts
are enriched in sterols and sphingolipids and have
initially been biochemically defined by their resistance to
solubilization in cold non-ionic detergents [1]. However,
specific criteria such as insolubility in 1% Triton X-100 at
48C are arbitrary, and reports have argued that detergent
treatment might actually induce formation of the domains
that can be purified by this methodology [13]. Moreover,
studies comparing various detergents have shown that
they have different effects on the solubility of different raft
markers [14]. Clearly, detergent-resistant membranes do
not simply equate to lipid rafts in their native state,
where, through their chemical and physical properties,
rafts are thought to accommodate a specific subset of
membrane proteins, thereby facilitating compartmentali-
zation of the membrane [1].
Among yeast species, detergent-resistant membrane
fractions have been isolated from S. cerevisiae, S. pombe
and C. albicans, and, in some instances, the detergent-
resistant proteins co-distribute with filipin-positive mem-
brane domains [5,9,12,15,16]. However, an additional
level of complexity is suggested by the finding that two
proteins residing in non-overlapping, separate microdo-
mains in the plasma membrane of S. cerevisiae are both
detergent-insoluble [17], indicating that there might be
more than one type of lipid raft present in yeast cells. This
interpretation would require that proteins selectively
recruit lipids to their environment in order to inducewww.sciencedirect.comlipid raft formation, as separation of two phases in the
membrane would only explain one type of raft (for
discussion, see [18]). Furthermore, whether detergent-
resistant membrane fractions are equivalent to the sterol-
rich membrane domains detected by filipin remains
unclear. Proteomic identification of detergent-resistant
membrane components in fungal species would enable us
to examine the cellular distribution of all these proteins.
To establish the degree of equivalence of the various
methodologies, it will be important to determine the
proportion of membrane-associated proteins that are
detergent resistant and the proportion of detergent-
resistant proteins that co-distribute with filipin-stained
membranes and with other markers such as acylated GFP.
Cytoskeletal proteins in sterol-rich membrane domain
localization
The importance of cytoskeletal structures for the polariz-
ation of sterol-rich membrane domains in fungi, namely
the relocalization of sterols to the future cell-division site
in S. pombe, has been assessed using drugs and mutants
that affect the F-actin and microtubule cytoskeleton.
While microtubules appear to be dispensable for sterol
accumulation [4], disturbance of the F-actin cytoskeleton
does have certain effects. Although sterols still localize to a
medial band after depolymerization of all F-actin by
treatment with the G-actin-binding drug latrunculin A,
Update TRENDS in Cell Biology Vol.16 No.1 January 2006 3this band appears broader than in control cells. Moreover,
some cells exhibit additional asymmetric patches of filipin
staining on the lateral sides of the cell [4]. This is
supported by filipin staining of cells carrying mutations
in proteins important for formation of the cytokinetic
actomyosin ring: such mutant cells display a medial band
broader than that observed in wild-type cells [9]. Thus,
F-actin is necessary for proper assembly of sterol-rich
membrane domains at the division site, although accumu-
lation of sterols at the cell equator per se is not affected.
Lately, two studies have been published that highlight
potential F-actin-based molecular organizers of sterol-rich
membrane domains in S. pombe. Takeda, Kawate and
Chang have shown that the FER/CIP-homology domain
protein Cdc15p mediates proper localization of sterols:
cdc15 mutant cells exhibit mislocalized sterol-rich mem-
brane domains at the cell sides in addition to the tips.
Moreover, overexpression of cdc15C in interphase-
arrested cells induces formation of ectopic sterol-rich
membrane domains at the cell sides in an F-actin-
independent manner [9]. And, more recently, Takeda
and Chang have described a role for the type I myosin
Myo1p in membrane organization: lack of myo1 function
leads to uniform sterol distribution throughout the plasma
membrane (in contrast to mislocalized, yet distinct, sterol-
rich membrane domains in cdc15 mutants). When either
myo1–gfp or cdc15C are overexpressed in interphase-
arrested cells, Myo1–GFP is detected in ectopic foci along
the sides of the cells, whereas it localises to the cell tips in
control interphase wild-type cells. The Myo1–GFP foci are
similarly delocalized in cdc15 mutant cells. Interestingly,
any of these three experimental conditions leads to
formation of ectopic sterol-rich membrane domains that
co-distribute with the Myo1–GFP foci [12]. Hence, it is
possible that Cdc15p might influence Myo1p localization,
which in turn might mediate sterol enrichment in the
plasma membrane. This is supported by the finding that
Myo1p is recruited to the site of cell division by Cdc15p
through a direct interaction [19]. Clarification of whether
these cytoskeletal proteins directly affect the organization
of sterol-rich membrane domains or whether the observed
effects are indirect needs further experimentation.
Regardless, these studies should provide us with a basis
for understanding the interplay between the cytoskeleton
and sterol-rich membrane domains.
The role of the cytoskeleton in organizing sterol-rich
membrane domains has not been investigated in detail in
other fungi, although neither microtubules nor F-actin
(nor the cell wall) is required for stabilization of protein
microdomains in the plasma membrane of S. cerevisiae
[20]. Additional studies will be required to investigate
potential similarities between different fungal species.
Sterols and trafficking
The putative signaling and regulatory functions of lipid
rafts have received significant attention, while a large
body of work also points to the role of sterols and
sphingolipids in intracellular trafficking. The relationship
between trafficking and sterol-rich membrane domain
localization is highly interrelated. In S. pombe, a
functional secretory pathway is required both forwww.sciencedirect.comlocalization of sterol-rich membrane domains to a medial
band before cytokinesis and for their maintenance at the
cell tips [4]. While sterols are important for the internal-
ization and post-internalization stages of endocytosis in
S. cerevisiae [21,22], it is presently unclear whether
endocytosis itself contributes to the localization and
maintenance of sterol-rich membrane domains. It has
been suggested that budding yeast cells might maintain
the polarized localization of the SNARE protein Snc1p by
continued localized exocytosis and endocytic recycling
(referred to as kinetic polarization) under the conditions of
slow diffusion prevalent in the S. cerevisiae plasma
membrane. Interestingly, such reduced protein mobility
appears to be at least partially dependent on ergosterol
biosynthesis [8]. Kinetic polarization might also operate in
other yeasts, as well as in retention of other molecules at
distinct cellular locations.
A topic that has also been studied in great detail is the
relevance of lipid rafts for protein trafficking. Mutants in
the biosynthetic pathways of the two major lipid constitu-
ents of rafts – sterols and sphingolipids – show changes in
the detergent insolubility of marker proteins and possess
defects in the delivery of such proteins to the cell surface
[16,23]. Such mutants have also allowed for analysis of the
structural features of these lipid molecules that might
play a role in the targeting of marker proteins, such as the
plasma membrane ATPase Pma1p, to the cell surface
[24,25]. While Pma1p is the most commonly used marker,
other proteins (mostly transporters) have been the subject
of similar investigations. Analysis and comparison of
different marker proteins for cell-surface delivery should
reveal whether they show the same or different require-
ments with regard to lipid raft association and the
structural composition of their lipid environment.Concluding remarks
On a general note, the controversy regarding the
existence, size and molecular nature of lipid rafts is still
being debated. While a discussion of the arguments lies
beyond the scope of this article, use of yeasts, and in
particular S. pombe, might play a constructive role in
addressing these open questions. The ease of genetic
manipulation of yeast cells (e.g. isolation of mutants,
introduction of fluorescent tags to marker proteins, etc.)
and the polarization of the plasma membrane into sterol-
rich and sterol-poor membrane domains in S. pombe might
facilitate the application of biophysical and advanced
microscopic techniques [26]. Thus, studying the biology of
lipid domains in yeasts might help us understand not just
what they do but also what they are.Acknowledgements
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Sterol-rich membrane domains that are insoluble in cold non-
ionic detergents have been implicated in sorting, trafficking, actin
cytoskeletal function and signalling events in mammalian cells
(Simons and Ikonen, 1997; Brown and London, 1998; Oliferenko
et al., 1999; Caroni, 2001; Ikonen, 2001; Martin, 2001). Studies
in T cells and neutrophils have shown that detergent-resistant
membrane domains accumulate in distinct areas of the plasma
membrane during polarisation of these cells (Gomez-Mouton et
al., 2001; Seveau et al., 2001). Membrane domains that are
insoluble in Triton X-100 have also been isolated from the
unicellular eukaryote Saccharomyces cerevisiae (Kubler et al.,
1996). Sphingolipids and ergosterol, the most abundant sterol in
yeast (Harmouch et al., 1995), were shown to be detergent-
resistant lipid components (Bagnat et al., 2000).
S. pombe grows in a polarised manner at the cell tips and
divides by medial fission by the constriction of an actomyosin
ring and concomitant synthesis and deposition of septum
material (Chang, 2001). These processes require the polarised
localisation of proteins involved in cell wall and septum
synthesis, as well as the vectorial addition of new membrane
material to the existing plasma membrane. Therefore, we asked
whether inherent differences in the lipid composition of the
plasma membrane might be important for proper targeting of
the growth and division machinery. To this end, we decided to
examine the localisation of sterols in S. pombe using the
fluorescent probe filipin, a polyene antibiotic that forms
specific complexes with free 3-b -hydroxysterols. Excitation of
filipin at 360 nm results in strong fluorescence with an
emission maximum at 480 nm (Drabikowski et al., 1973).
In this study, we report that sterols are localised to distinct
regions of the plasma membrane in a cell-cycle-dependent
manner. Of particular importance is our finding that membrane
sterols are detected at the division site and appear to play
multiple roles in cytokinesis.
Materials and Methods
Media for cell culture were as described previously (Moreno et al.,
1991). Temperature-sensitive mutant strains were grown at the
restrictive temperature of 36° C for 4 hours before visualisation or
release to the permissive temperature. Filipin was purchased from
Polysciences (Warrington, PA), dissolved in dimethyl sulfoxide
(DMSO) and used at a final concentration of 5 m g/ml. For staining
purposes filipin was added to the medium and cells were observed
immediately. Filipin treatment for disruption of sterol-rich membrane
domains was carried out for 1 hour. Thiabendazole (TBZ) and
Brefeldin A (BFA) were purchased from Sigma. Latrunculin A (LatA)
and anti-green fluorescent protein (GFP) antibodies were purchased
from Molecular Probes (Eugene, OR). Quantitative data are based on
at least two independent experiments and a counting of at least 800
cells per sample. Fluorescence microscopy was done with a Leica
DMLB microscope and appropriate sets of filters. Images were
captured using an Optronics DEI-750T cooled CCD camera and Leica
QWIN software. Image processing was done on Adobe PhotoShop
5.5. NIH Image (National Institutes of Health, Bethesda, MD) was
used for quantitation of protein levels after immunoblotting.
Results
When we used filipin to probe sterol-rich domains in the
plasma membrane of live wild-type S. pombe cells grown to
867
Sterol-rich membrane domains exist in unicellular and
multicellular eukaryotes. They are thought to provide a
structural framework for interactions among a subset of
proteins by selectively incorporating some proteins while
excluding others. Although most studies have focused on
the biophysical and biochemical properties of sterol-rich
membrane domains and incorporated proteins, relatively
little is known about their intracellular distribution. Using
a cytological approach we show here that in the fission yeast
Schizosaccharomyces pombe, sterols are enriched in the
plasma membrane at the growing cell tips and at the site
of cytokinesis. The distribution of sterols is regulated in a
cell-cycle-dependent manner and requires a functional
secretory pathway. By manipulating the integrity of sterol-
rich membrane domains using sterol sequestering agents
and genetic means, we show that these domains are
important for multiple processes regulating cytokinesis. In
these cells, defects in proper maintenance of the actomyosin
ring and/or its attachment to the overlying plasma
membrane were observed. Furthermore, the stability of a
plasma membrane protein that colocalises with sterol-rich
membrane domains was compromised. Taken together, our
studies establish S. pombe as a genetically tractable model
organism in which to study the role(s) of sterol-rich
membrane domains in cell polarity and cytokinesis.
Key words: Sterol, Plasma membrane, Polarity, Cytokinesis,
Schizosaccharomyces pombe
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logarithmic phase, we observed various staining patterns (Fig.
1A). The most prevalent pattern showed intensive staining at
the tips of the cell (denoted as pattern 1 in Fig. 1A). More
elongated cells had an additional medial band (pattern 2),
bright staining of membrane invaginations at the site of
cytokinesis (pattern 3) or a brightly stained line along the
completed septum (pattern 4). In the two latter cases the
fluorescence intensity at the tips of the cell was decreased.
Interestingly, the relative distribution of cells with respect to
the staining pattern resembled the distribution of cells in
interphase or cell division, respectively, that is typical of
exponentially growing wild-type cultures (Fig. 1B). Our
observations support freeze-fracture electron microscopy
studies that had shown that alterations in the membrane
structure induced by high filipin concentrations are found at
the cell poles and in the middle in dividing cells, but not in the
proximal regions between the poles and the middle (Takeo,
1985). We conclude that sterols are enriched at the tips of
interphase cells and at the medial division site in cells
undergoing cytokinesis.
Sterols are enriched at the growing cell tips and at the
site of cytokinesis
To determine whether the localisation of sterols to the cell tips
is connected to cell growth, we used filipin to probe mutant
strains or cells grown under conditions that cause
characteristically altered growth patterns. Nitrogen starvation
was induced by incubating for 24 hours a prototrophic wild-
type strain in medium lacking any source of nitrogen, which
led to the appearance of small, rounded, non-growing cells.
These cells exhibited greatly reduced levels of fluorescence
when stained with filipin (Fig. 2A). After release from nitrogen
starvation, cells resumed growth and exhibited wild-type
fluorescence intensity and pattern (Fig. 2B). Thus, the presence
of sterols in the plasma membrane can be correlated to sites of
cell growth.
Using temperature-sensitive mutants we tested whether an
altered growth pattern could be reflected in the sterol
distribution. Shift of cdc10-V50 cells to the restrictive
temperature causes a cell-cycle block in G1-phase before
growth at the new end is initiated, leading to a monopolar
growth pattern (Nurse et al., 1976). Filipin staining of arrested
cells resulted in strong fluorescence at one end of the cell only
(Fig. 2C). Using GFP fused to the actin-binding calponin
homology domain of Rng2p (CHD-GFP; K. Eng and M.K.B.,
unpublished), we confirmed that actin patches concentrate at
the same end as sterols (Fig. 2D), suggesting that this is the
growing old end of the cell. The new end showed staining that
was relatively weak in intensity and which covered a smaller
membrane area compared with the old end or both growing
ends in a wild-type strain. Hence, the distribution of sterols in
the plasma membrane of cells growing at the old end only is
biased towards the growing tip. We
assume that the sterols detected at
the new end stem from the previous
cytokinesis that occurred before the
cell-cycle arrest.
Glucose-starved cells differ from
cells starved from nitrogen in the
cell-cycle stage at which they arrest
(the majority are in G2 for glucose
starvation and in G1 for nitrogen
starvation) and are therefore not at
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Fig. 1. Sterols localise to
distinct sites of the plasma
membrane. (A) Sterol
localisation detected by filipin
staining in wild-type cells.
(B) Frequency of filipin staining
patterns denoted in A in an
exponentially growing wild-
type culture.
Fig. 2. Sterol localisation correlates
with sites of active cell growth and
cytokinesis. Sterol localisation detected
by filipin staining in (A) nitrogen-
starved cells, (B) cells released from
nitrogen starvation for 80 minutes,
(C) cdc10-V50 cells at 36° C,
(E) glucose-starved cells, (F) cells
grown in medium with glucose,
(G) cdc25-22 cells at 36° C, (H) orb1-
13 cells at 36° C, (I) a branched TBZ-
treated cdc10-V50 cell, (J) mating cells,
(K) ascospores and (L) mid1-18 cells at
36° C. (D) Localisation of CHD-GFP in
cdc10-V50 cells.
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the verge of initiating mating, which might require the
reorganisation of the membrane. Glucose starvation was
induced by incubating for 24 hours a prototrophic wild-type
strain in medium lacking glucose. When stained with filipin,
these cells exhibited greatly reduced levels of fluorescence
(Fig. 2E) as compared with control cells grown in medium with
glucose (Fig. 2F). Hence, the situation in glucose-starved cells
resembles nitrogen-starved cells rather than the new end of
arrested cdc10-V50 cells. However, it is possible that the
uptake of sterols from the plasma membrane is a rather slow
process and therefore, sterols are reduced, but still clearly
detectable, at the new end of cdc10-V50 cells after the
temperature shift, which is short lasting compared with the
induction of starvation.
The shift of cdc25-22 cells to the restrictive temperature
causes a cell-cycle block at the G2/M-boundary – a stage of the
cell cycle at which growth occurs at both tips (Russell and
Nurse, 1986). Arrested cells showed filipin staining at both
ends of the cell but never in a medial band (Fig. 2G). Thus,
localisation of sterols in a medial band depends on entry into
M-phase.
orb mutants that are shifted to the restrictive temperature
have been shown to exhibit unpolarised growth, leading to
large, rounded cells (Snell and Nurse, 1994). Filipin-stained
orb1-13 cells showed fluorescence covering the entire
circumference of the cell (Fig. 2H). We conclude that cells
lacking growth polarity also lack polarity in the distribution of
sterols within the plasma membrane.
We then assessed whether sterols were detected at ectopic
new ends generated by treatment of cdc10-V50 cells with the
microtubule-depolymerising drug TBZ (Sawin and Nurse,
1998). We probed branched cells with filipin and observed that
the ectopically growing tip was brightly stained, in many cells
with an even higher fluorescence intensity than at the
endogenous tips (Fig. 2I). Our results with cells growing in
monopolar, unpolarised or ectopical patterns indicate that the
distribution of sterols in the plasma membrane is correlated to
the growth pattern of the cell.
Mating projections constitute a specialised form of naturally
occurring polarised growth in S. pombe in which
morphogenesis directed towards pheromones overrides the
usual antipodal growth observed in vegetative cells. To
examine whether sterols can be detected in mating projections,
we induced synchronous meiosis in a homothallic wild-type
strain as described (Beach et al., 1985). Filipin staining showed
that sterols in the plasma membrane were polarised towards the
projection (Fig. 2J), indicating that enrichment of sterols in the
plasma membrane also occurs during mating projection
formation. Our observations support recent studies in S.
cerevisiae that had shown that lipid rafts cluster at the mating
projection in budding yeast (Bagnat and Simons, 2002).
Sexual development and meiosis in S. pombe results in the
formation of four ascospores. As cell wall synthesis in
ascospores requires enzymes that are different from those
required for cell wall formation during vegetative growth (Liu
et al., 2000; Martin et al., 2000), we tested to see whether sterol
localisation was also evident in the plasma membrane
underlying spore walls. Filipin uniformly stained the plasma
membrane of spores generated from a cross between wild-type
cells of opposite mating types (Fig. 2K). Interestingly, although
the fluorescence intensity was approximately the same as that
at the growing tips of cells in vegetative development,
photobleaching of filipin occurred much more rapidly in spores
than in vegetative cells. It would be interesting to perform
further experiments to address the function of sterols in the
plasma membrane of ascospores.
A shift of mid1-18 cells to the restrictive temperature leads
to mispositioned actomyosin rings and septa (Chang et al.,
1996; Sohrmann et al., 1996; Balasubramanian et al., 1998).
We found that the plasma membrane invaginations associated
with the site of cell division in mid1-18 cells are stained by
filipin even when these sites are misplaced (Fig. 2L). The
medial band of sterols next to the invaginated membrane was
found to localise in a similar manner. Hence, we conclude that
the sterol enrichment of the plasma membrane at the site of
cytokinesis is coupled to the localisation of the division
machinery.
The distribution of sterols is regulated in a cell-cycle-
dependent manner
To characterise the emergence of sterols in the medial region
of the cell, cdc25-22 cells expressing Hht2-GFP (Wang et al.,
2002) and Rlc1-GFP (Naqvi et al., 2000) as nuclear and
actomyosin ring markers were released from a cell-cycle block
at 36 ° C to 18° C, which allowed a better temporal resolution of
mitotic and cytokinetic events than release to 24 ° C. We found
that the formation of the actomyosin ring and nuclear division
occurred before the concentration of sterols in a medial
band (Fig. 3; 0-45 minutes). However, constriction of the
actomyosin ring was observed after sterol targeting to the
middle of the cell (Fig. 3; 60-90 minutes). Filipin also stained
the plasma membrane invaginations that follow the constricting
ring (Fig. 3; 105 minutes). After constriction of the ring to a
dot the plasma membrane separating the two daughter cells
exhibited intense fluorescence (Fig. 3; 120 minutes). These
experiments establish that sterols are concentrated at the
division site following assembly of the actomyosin ring, and
persist during ring constriction and septum assembly. A medial
band of sterols was observed only in cells undergoing cell
division. Hence, the localisation of sterols to the middle of the
cell is regulated in a cell-cycle-dependent manner.
Sterol localisation requires a functional secretory
pathway
Our time-course studies led to the possibility that the formation
of the actomyosin ring might serve as a spatial and temporal
landmark for sterol localisation to the middle of the cell. To
test this idea, we investigated whether an intact F-actin
cytoskeleton is required for sterol localisation to the plasma
membrane overlying the actomyosin ring. On release of cdc25-
22 cells from the cell-cycle arrest we added the actin-
polymerisation inhibitor LatA or DMSO as solvent control.
The effective disruption of the actin cytoskeleton in LatA-
treated cells was confirmed by rhodamin-phalloidin staining
(data not shown). Sixty minutes after release we found that
similar fractions of LatA-treated cells and of control cells
exhibited medial sterol localisation (Fig. 4A; arrows). This
localisation was observed at the centre of the cell and
symmetrically on both sides, suggesting that it forms a band
circumventing the cell. We conclude that the F-actin
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cytoskeleton is not required for the localisation of sterols to the
middle of the cell. In addition to the medial band, many LatA-
treated cells showed patches of filipin staining at varying
positions between the tips and the middle of the cell (Fig. 4A;
arrowheads). In contrast to the medial band, these patches were
frequently distributed in an asymmetric manner, indicating that
they did not form bands around the long axis of the cell. The
emergence of sterol patches at various sites of the plasma
membrane may be due to continued secretion of sterol-rich
membrane material with a simultaneous lack of endocytosis
caused by disruption of the F-actin cytoskeleton. Such
disturbance of the equilibrium between secretion and
endocytosis of sterols may cause an excess of sterols at the
plasma membrane, leading to the formation of additional sterol
patches.
To address the role of the microtubule cytoskeleton in sterol
localisation before cytokinesis, we used nda3-KM311, a cold-
sensitive mutant that does not form microtubules when shifted
to 18° C (Toda et al., 1983). We counted cells with medial sterol
localisation over a course of 6 hours after downshift. The
percentage of cells with a medial band increased with the time
of incubation at low temperature (Fig. 4B). We conclude that
microtubules are not necessary to localise sterols to the middle
of the cell. Additionally, this result suggests that arrest of cells
at metaphase by the spindle assembly checkpoint does not
prevent the medial localisation. To test if this was the case, we
overexpressed mad2+ as an alternative means to activate the
spindle assembly checkpoint, thereby leading to metaphase
arrest (He et al., 1997). Overexpression of mad2+ led to a high
percentage of cells with a medial band of sterols compared
with the control, confirming that cells arrested at metaphase
localise sterols in a medial band (Fig. 4B). Although previous
experiments using cdc25-22 synchrony indicated that sterols
are detected at the division site at later stages of cytokinesis,
the mad2+ overexpression and nda3-KM311 experiments
indicate that sterols are detected there in metaphase-arrested
cells. A possible explanation for this inconsistency is that low
levels of sterols may accumulate in cycling cells at metaphase.
Although these low levels may be difficult to detect readily,
this localisation may become more obvious in metaphase-
arrested cells due to the continued accumulation of sterols.
We then investigated whether a functional secretory pathway
was necessary for sterol localisation to the plasma membrane
overlying the actomyosin ring. On the release of cdc25-22 cells
from the cell-cycle arrest we added BFA or ethanol (EtOH) as
solvent control. It has been shown that in yeast, BFA inhibits
transport from the endoplasmic reticulum (ER) to the Golgi
apparatus (Graham et al., 1993). Sixty minutes after release we
scored these cells for medial sterol localisation. A high
percentage of control cells exhibited bright medial filipin
staining (Fig. 4C), but almost all BFA-treated cells showed
none or only faint fluorescence in the middle of the cell (Fig.
4C; arrow). This indicates that a functional secretory pathway
is required for efficient medial sterol localisation. The faint
band in BFA-treated cells may be caused by an incomplete
block of secretion. Alternatively, it is possible that a pool of
sterols may be present in a post-Golgi compartment that can
still be targeted to the plasma membrane when the ER-to-Golgi
transport is blocked. Moreover, we observed that BFA-treated
cells exhibited a low level of fluorescence throughout the
plasma membrane whereby the tips no longer appeared
brighter than the rest of the plasma membrane. One explanation
for this finding is that endocytosis of sterol-rich membrane
material may occur at the cell tips. Studies in mammalian cells
have shown that a pool of intracellular cholesterol is present in
the endocytic recycling compartment (Mukherjee et al., 1998;
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Fig. 3. Sterol localisation to the middle of the cell during mitosis and cytokinesis. cdc25-22 hht2GFP rlc1GFP cells were synchronised and
released to the permissive temperature (18° C). Samples were taken at the indicated time points after release, stained with filipin and observed
for GFP and filipin fluorescence.
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Hao et al., 2002). In case of an intact secretory pathway, this
membrane material may be recycled in a polarised manner to
the plasma membrane at the cell tips, whereas a block of
secretion may result in the accumulation of endocytic vesicles
and subsequent fusion with the plasma membrane in a locally
unrestricted manner.
Because the strongest filipin fluorescence is observed during
septum deposition, we investigated whether the Septum
Initiation Network (SIN) might be involved in regulating the
localisation of sterols to the site of
cytokinesis. To test this idea we used cdc7-
24, a temperature-sensitive mutant that
renders the SIN pathway inactive (Nurse
et al., 1976). These cells expressed Cdc4-
GFP as an actomyosin ring marker (V. M.
D’souza and M.K.B., unpublished). After
shift to 36° C for 4 hours, hardly any cells
showed medial staining as observed
during cytokinesis (Fig. 4D), regardless of
the presence or absence of an actomyosin
ring (data not shown). However, the
majority of cells exhibited a faint filipin
staining in the middle of the cell (Fig. 4D;
arrows). This staining was often
asymmetrical and extended over a varying
length of the cell. Many cells formed
bulges at the site displaying faint staining,
this being reminiscent of cells beginning
to form ectopic cell tips after TBZ
treatment. We therefore assume that the
faint staining that we observe in cdc7-24
is due to an attempted initiation of growth
at a site where the new cell end would be,
had the cell undergone cytokinesis. The
lack of strong filipin staining in the middle
of the cell in a cdc7-24 mutant seems to
conflict with our findings for cells arrested
at metaphase, i.e. a stage of the cell cycle
that occurs before the SIN pathway is
activated. A possible explanation is the
bypass of the post-anaphase array stage of
the cell cycle in SIN mutants. Hence, we
propose that not an active SIN pathway but
the cell-cycle stage (between metaphase
spindle stage and post-anaphase array
stage) is crucial for sterol localisation as a
medial band. This would correlate the
staining with the timing of the orientation
of the secretion machinery towards the
medial region.
Manipulating the integrity of sterol-
rich membrane domains leads to
defects in cytokinesis
The localisation pattern of sterol-rich
membrane domains suggests multiple
roles for sterols in polarity and/or growth
on the one hand and in cytokinesis on the
other hand. To gain insight into the
possible functions of sterols, we attempted
to alter the structure of sterol-rich membrane domains in the
plasma membrane of S. pombe cells. We have chosen to do so
in two different ways: by extended incubation in filipin and by
overexpression of C-4 sterol methyl oxidase.
In addition to the use of filipin as a probe for sterols in
fluorescence assays, incubation in high filipin concentrations
and/or for an extended time-span has been shown to induce
deformations in sterol-containing membranes that can be
observed by freeze-fracture and electron microscopy
Fig. 4. Sterol localisation to the middle of the
cell requires a functional secretory pathway
but not an intact F-actin or microtubule
cytoskeleton. (A,C) cdc25-22 cells were
synchronised and released to the permissive
temperature (24° C). Cells were released into
medium containing (A) 100 m M LatA or 1%
(v/v) DMSO as solvent control, or (C)
100 m M BFA or 1% (v/v) EtOH as solvent control. Samples were taken 60 minutes after
release and stained with filipin. (B,D) Sterol localisation detected by filipin staining in (B)
nda3-KM311 cells at 18° C and cells overexpressing mad2+ under the nmt1-promotor, and (D)
cdc7-24 cells at 36° C. Arrows indicate strong medial staining in A and faint medial staining in
C and D. Arowheads indicate additional asymmetric patches of sterol-rich membrane.
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techniques (Friend and Bearer, 1981; Severs and Robenek,
1983). Filipin also disrupts the structure and function of
caveolae, non-coated cholesterol-rich invaginations in the
plasma membrane of mammalian cells (Rothberg et al., 1990).
Cells expressing Cdc4-GFP were grown to logarithmic phase.
Filipin or DMSO as solvent control were added and Cdc4-GFP
epifluorescence was visualised after 60 minutes. In a high
proportion of filipin-treated cells the localisation of Cdc4-GFP
was distorted (Fig. 5A), whereas control cells showed proper
formation and positioning of uniform Cdc4-GFP rings (Fig.
5B). The observed phenotypes ranged from occurrence of mis-
shapen ring-like structures in the medial region of the cell (Fig.
5A; arrow) to the accumulation of spots of various intensities
(Fig. 5A; arrowhead). Occasionally, we observed rings that had
drifted out of their original position. The higher percentage
of cells with Cdc4-GFP staining after filipin treatment
(33.9 – 5.7% compared with 19.7 – 1.6% of control cells)
indicates that filipin-treated cells divide inefficiently. Filipin
staining in the medial region of the cell was observed in some
cells (Fig. 5A, Fig. 6A). However, we observed numerous cells
without medial staining in which distorted Cdc4-GFP rings
were approximately in their original position. The filipin signal
at the cell tips was visible in all examined cells.
Using a screen for gene products which, on overexpression,
lead to cell-division abnormalities, we have isolated C-4 sterol
methyl oxidase encoded by an S. pombe homologue of S.
cerevisiae ERG25 (Bard et al., 1996; Li and Kaplan, 1996), an
enzyme in the ergosterol biosynthetic pathway. Interestingly,
when we overexpressed C-4 sterol methyl oxidase, we
observed a similar range of Cdc4-GFP localisation phenotypes
as with filipin treatment: Cdc4-GFP rings were mis-shapen and
mispositioned, and more frequently formed cables that ran
along the long axis of the cell (Fig. 5C). Control cells in which
C-4 sterol methyl oxidase was repressed by thiamine or which
were transformed with an empty vector
showed wild-type-looking Cdc4-GFP rings
and sterol distribution (data not shown). After
extended overexpression of C-4 sterol methyl
oxidase, some cells became elongated and
branched (data not shown). The filipin
staining was not restricted to distinct areas of
the plasma membrane though the cell tips, and
the middle of the cell showed the strongest
fluorescence (Fig. 5C). The overall
fluorescence intensity was higher than in
control cells. Similar to mid1-18 cells, septum
material was deposited at aberrant positions according to the
misplaced actomyosin ring. Studies in S. cerevisiae had
reported that overexpression of ERG25 led to an overall pattern
of lipids and sterols similar to wild type (Li and Kaplan, 1996).
However, possible changes in the relative abundance of sterol
intermediates would not have been detected by this analysis.
Because Erg25p is involved in the C-4 demethylation of 4,4-
dimethylzymosterol, it is possible that its overexpression may
lead to an accumulation of downstream intermediates in the
ergosterol biosynthetic pathway. We conclude that changes in
the structure or composition of sterol-rich membrane domains
cause various defects in actomyosin ring positioning and/or
maintenance.
Manipulating the integrity of sterol-rich membrane
domains destabilises a colocalising plasma membrane
protein
To examine the effects of extended filipin treatment on the
plasma membrane, we observed the intracellular distribution of
the integral membrane protein Bgs4p, a 1,3-b -glucan synthase
subunit that localises to the plasma membrane at the growing
cell tips and at the site of cytokinesis (Liu and Balasubramanian,
2001). Cells expressing Bgs4-GFP were grown to logarithmic
phase. Filipin or DMSO as solvent control was added and Bgs4-
GFP epifluorescence was visualised after 60 minutes. In filipin-
treated cells the localisation to distinct sites of the plasma
membrane was completely abolished (Fig. 6A). Instead, a weak
GFP signal was distributed throughout the cell. By contrast,
control cells showed Bgs4-GFP localisation at the tips and the
division site (Fig. 6B). The loss of Bgs4-GFP from the tips and
the division site could be due to relocalisation from the plasma
membrane or to a reduction in Bgs4-GFP levels. To
discriminate between these possibilities we analysed equal
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Fig. 5. Structural alterations of sterol-rich
membrane domains affect cytokinesis in S. pombe.
(A,B) cdc4GFP cells were grown for 1 hour in
medium containing 5 m g/ml filipin or 0.1% (v/v)
DMSO as solvent control. Arrow indicates mis-
shapen Cdc4-GFP ring; arrowhead indicates Cdc4-
GFP spots. (C) cdc4GFP cells overexpressing C-4
sterol methyl oxidase under the nmt1-promotor.
(D,E) Quantitation of localisation patterns. Bars in
D represent filipin-treated cells (grey) and DMSO-
treated cells (white); bars in E represent cells
overexpressing C-4 sterol methyl oxidase (dark
grey), control cells with empty vector (light grey)
and control cells in 15 m M thiamine (white).
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amounts of total protein from filipin-treated cells and from
control cells treated with DMSO. On immunoblots, anti-GFP
antibodies recognised a single protein, with the predicted
molecular weight of 252 kDa. The band was easily detectable
in the control, but only a very weak signal was observed in the
filipin-treated sample. Quantitation showed that the signal
strength in filipin-treated samples was reduced to below 4% of
the strength in control samples (Fig. 6C). Our observations
show that the stability of a membrane protein that colocalises
with sterol-rich membrane domains is compromised when the
structure of these domains is altered.
These results suggest that sterol-rich membrane domains
play an important role in positioning and/or maintenance of the
actomyosin ring. One possible explanation is that proteins
involved in ring maintenance may localise to intact sterol-rich
membrane domains. The disruption of these membrane
structures may affect the stability, localisation and/or function
of these proteins. Another possibility is that sterol-rich
membrane domains may be involved in anchoring the ring to
the plasma membrane. The identification of proteins linking
the actomyosin ring and the plasma membrane will provide
further insight into the relevance of sterols in the regulation of
cytokinesis.
Discussion
In this study we report the cell-cycle-regulated and secretion-
dependent localisation of sterol-rich membrane domains to
distinct sites in the plasma membrane of S. pombe. The
localisation correlates with sites of active cell growth and
cytokinesis. We have shown that the integrity of these domains
is crucial for positioning and/or maintenance of the actomyosin
ring, as well as for the stability of an integral membrane
protein. Sterols may play multiple roles in cell growth and
division: on the basis of their selective incorporation of
proteins, sterol-rich membrane domains may act as a structural
framework within the plasma membrane (Simons and Ikonen,
1997). Such a framework may facilitate interactions among
proteins involved in establishing cell polarity and in cell
growth, including cell-wall synthesis and targeted membrane
addition. Similarly, proteins involved in cytokinetic processes
such as ring constriction and septum deposition may require
concentration in distinct areas of the plasma membrane for
their interaction and function.
It is crucial for the morphogenesis of S. pombe that it tightly
regulates where and when cell growth and division occur
(Verde, 1998). Therefore, another possible role of sterol-rich
membrane domains may be the spatial limitation of the growth
machinery and the division machinery to the growing cell tips
and to the site of cytokinesis, respectively.
Finally, recent work on cellulose synthesis in plants has
implicated sitosterol-b -glucosides in 1,4-b -glucan (cellulose)
chain initiation (Peng et al., 2002). 1,3-b -glucan is an abundant
cell-wall component in S. pombe, and in growing cells 1,3-b -
glucan synthases localise to the cell tips and the division site
(Liu and Balasubramanian, 2001; Liu et al., 2002). Hence,
sterol-linked molecules may play a role in the synthesis of the
cell wall and septum as a primer or substrate. Being amenable
to molecular biology as well as to genetics and having a well-
studied cell cycle, S. pombe will be a suitable model organism
to test the models discussed above and to define the function of
sterol-rich membrane domains in cell polarity and cytokinesis.
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Fig. 6. Structural alterations of
sterol-rich membrane domains
compromise the stability of a
colocalising plasma membrane
protein. (A,B) bgs4GFP cells
were grown for 1 hour in
medium containing 5 m g/ml
filipin or 0.1% (v/v) DMSO as
solvent control. (C) Equal
amounts (11.5 m g each) of total
protein from filipin- or DMSO-
treated cells were analysed by
immunoblotting and probed
with anti-GFP antibodies. The
signal strength was quantified
and plotted as relative units.
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The establishment and maintenance of characteristic cellular morphologies is a fundamental property of all cells. Here we
describe Schizosaccharomyces pombe Pal1p, a protein important for maintenance of cylindrical cellular morphology. Pal1p
is a novel membrane-associated protein that localizes to the growing tips of interphase cells and to the division site in cells
undergoing cytokinesis in an F-actin- and microtubule-independent manner. Cells deleted for pal1 display morphological
defects, characterized by the occurrence of spherical and pear-shaped cells with an abnormal cell wall. Pal1p physically
interacts and displays overlapping localization with the Huntingtin-interacting-protein (Hip1)-related protein Sla2p/
End4p, which is also required for establishment of cylindrical cellular morphology. Sla2p is important for efficient
localization of Pal1p to the sites of polarized growth and appears to function upstream of Pal1p. Interestingly, spherical
pal1 mutants polarize to establish a pearlike morphology before mitosis in a manner dependent on the kelch-repeat
protein Tea1p and the cell cycle inhibitory kinase Wee1p. Thus, overlapping mechanisms involving Pal1p, Tea1p, and
Sla2p contribute to the establishment of cylindrical cellular morphology, which is important for proper spatial regulation
of cytokinesis.
INTRODUCTION
The establishment and maintenance of characteristic cellular
morphologies is important for proper execution of cell func-
tions. How signaling pathways, the cytoskeleton, and mem-
brane trafficking mechanisms cooperate to control cellular
morphogenesis remains a fundamental challenge in under-
standing cell regulation.
The fission yeast Schizosaccharomyces pombe is an attractive
organism for the study of several aspects of cell biology,
such as division and morphogenesis (Chang and Verde,
2003). Fission yeast cells are cylindrical in shape with hemi-
spherical caps at the two ends. Cells grow by tip extension
with almost no change in cellular diameter (Mitchison and
Nurse, 1985). During growth, F-actin is detected in patches
at the growing ends (Marks et al., 1986), although microtu-
bule bundles run parallel to the long axis of the cell in a
manner such that their minus ends are positioned near the
nucleus and the plus ends are oriented toward the cell ends
(Brunner and Nurse, 2000; Tran et al., 2001). During cell
division, F-actin and associated proteins assemble into a
contractile medial actomyosin ring (Le Goff et al., 1999; Feier-
bach and Chang, 2001; Rajagopalan et al., 2003) and micro-
tubules assemble into a ring structure following anaphase
underneath the actomyosin ring (Heitz et al., 2001; Pardo
and Nurse, 2003). How growth zones are specified during
interphase leading to the localization of F-actin at the cell
ends and microtubules along the long axis represents a
fundamental question of interest in understanding cell po-
larity and morphogenesis. To unravel the mechanism of cell
polarization and morphogenesis, two major classes of mor-
phological mutants have been isolated and characterized in
fission yeast (Chang et al., 1994; Snell and Nurse, 1994; Verde
et al., 1995; Arellano et al., 1996).
The first class consists of mutants that are unable to es-
tablish and/or maintain a cylindrical morphology. These
mutants, referred to collectively as orb mutants, define pro-
teins important for F-actin function and cell wall assembly
(Diaz et al., 1993; Chang et al., 1994; Miller and Johnson, 1994;
Ottilie et al., 1995; Verde et al., 1998). A second group consists
of mutants that are able to establish a cylindrical morphol-
ogy, but are unable to position and maintain the growth
machinery along a straight line leading to the formation of
bent and T-shaped cells (Snell and Nurse, 1994; Verde et al.,
1995; Beinhauer et al., 1997; Mata and Nurse, 1997; Radcliffe
et al., 1998; Browning et al., 2000; Brunner and Nurse, 2000;
Behrens and Nurse, 2002; Snaith and Sawin, 2003). These
mutants, that include the tea and alp classes, define elements
of the microtubule cytoskeleton or those that might link
F-actin and microtubules. The functional links between the
orb group and tea/alp group have not been fully investi-
gated.
Here we describe a gene, pal1, whose product localizes to
the ends of interphase cells and to the division site in cells
undergoing cytokinesis. Pal1p appears to contribute to a
mechanism that maintains the cylindrical morphology of
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fission yeast cells in concert with the Hip1-related protein
Sla2p/End4p, by modulation of cell wall integrity. We also
provide evidence for the existence of at least two pathways
important for the maintenance of a cylindrical cellular mor-
phology.
MATERIALS AND METHODS
S. pombe Strains, Media, and Reagents
S. pombe strains used in this study are listed in Table 1. YES medium or
Minimal medium with appropriate supplements were used to culture fission
yeast cells. Fission yeast strains were constructed by either random spore
germination method or by tetrad dissection. For strains with low mating
efficiency, diploids were generated by using ade6-210/ade6-216 intragenic
complementation and selected on minimal plates lacking adenine. These
diploids were then sporulated and tetrads dissected. To disrupt F-actin or
microtubules, cells were treated with either 15 M of latrunculin A (Molec-
ular Probes, Eugene, OR) or 8 g/ml methyl 1-(butylcarbomyl)-2-benzimida-
zolecarbamate (MBC; Aldrich Chemical, Milwaukee, WI).
Gene Disruption and Epitope Tagging
To create the pal1::ura4 disruption cassette, a 0.7-kb KpnI/XhoI fragment
representing the 5 UTR of the pal1 open reading frame (ORF) was obtained
by PCR from genomic DNA using the primers MOH1532 (CGGGGTACCT-
TATTGCAGCTCTTTATATC) and MOH1533 (CCGCTCGAGCCCGTATTG-
CACCCAAACGATAC), and cloned into KpnI/XhoI sites of the pCDL126
vector (contains ura4 in pBSK plasmid). A 0.7-kb XbaI/SacI fragment repre-
senting the 3UTR of pal1 was also obtained by PCR using the primers MOH1534
(GCTCTAGAGCTTTTCAGGCTTGAAACTTTATTTAC) and MOH1535 (CGA-
GCTCCCAATTTGGCACCGACTCTAAAAAAC) and cloned into the modified
plasmid containing the 5UTR and the marker gene ura4, to generate pCDL863.
To generate a pal1 gene deletion strain, a 3.2-kb fragment from pCDL863
was generated by digestion with KpnI and SacI and was introduced into the
wild-type haploid strain MBY192 (ura4-D18, leu1-32, h). A similar strategy
was used to create a strain deleted for the sla2 gene. The primers MOH1686
(CGGGGTACCAGAAATGTTAACGAAGACTC) and MOH1687 (CCGCTC-
GAGGTGATCGGATTGCAGTCGAAACG) were used to amplify the 5 UTR,
and the primers MOH1688 (GCTCTAGATTAAGTCTTTTCGATCC) and
MOH1689 (CGAGCTCTCCACCCCGACGGTTTCATTC) were used to am-
plify the 3UTR of sla2. The ura4 gene flanked by the 5 UTR and 3 UTR of
sla2 was transformed into a diploid strain (ura4-D18/ura4-D18, leu1-32/leu1-
32, ade6-210/ade6-216, h/h). Yeast transformations were performed by
the lithium acetate method (Okazaki et al., 1990). Transformants were
selected by growth on supplemented minimal medium lacking uracil. For
green fluorescent protein (GFP) tagging of pal1 and sla2, a 1-kb KpnI/
SmaI fragment of pal1 and a 1-kb KpnI/SmaI fragment of sla2, encoding
the C-termini, were obtained by PCR using the primer pairs MOH1466
(CGGGGTACCTAATCTGCGGAGGCATTAGCCGAACG) and MOH1467 (TC-
CCCCGGGCGACTTTTTGTGGAATAATCGTC), and MOH1564 (CGGGGTAC-
CTAATCCGTCAACACAAGAAAAATGGATG) and MOH1565 (TCCCCC-
GGGCTCTTCGGCAACATGATAAGATG), respectively. The fragments were
cloned into the KpnI/SmaI sites of pJK210-GFP to yield the plasmids pCDL856
and pCDL916. Plasmids were linearized with SalI or PacI and transformed into
the wild-type haploid strain MBY192. Similarly, for tagging pal1 and sla2 with
13-Myc, a 1-kb KpnI/BamHI fragment of pal1 and a 1-kb KpnI/BamHI fragment
of sla2, encoding the C-termini, were obtained by PCR using the primers
MOH1466, MOH1681 (GCGGATCCGCGACTTTTTGTGGAATAATCGTC) and
MOH1564, MOH1685 (GCGGATCCGCTCTTCGGCAACATGATAAGATG), re-
spectively, and cloned into the same sites of pJK210-13Myc to yield the plasmids
pCDL919 and pCDL931. The plasmids were linearized with SalI and PmlI,
respectively, and transformed into the wild-type haploid strain MBY102. In all
cases, correct integration was confirmed by PCR.
High-copy Suppressor Screening
To identify genes that act as high-copy suppressors of the colony formation
defect of the sla2 mutant at 36°C, a genomic DNA library (Nakamura et al.,
2001) was transformed into sla2 cells. After transformation, cells were incu-
bated at 24°C for 12 h on minimal medium lacking leucine and then shifted to
36°C and incubated for 5 d. The plasmids were recovered from the rescued
sla2 clones and transformed into Escherichia coli cells. The recovered plas-
mids were sequenced using T3 and T7 primers. From this screen, we identi-
fied sla2 six times and pal1 three times.
Immunoprecipitation and Western Blotting
Immunoprecipitation and Western blotting were performed as described
(Wang et al., 2002). Briefly, total cell extracts were prepared from exponen-
tially growing cells by disruption with glass beads. NP-40 buffer, 600 l, (1%
Triton X-100, 150 mM NaCl, 2 mM EDTA, 6 mM Na2HPO4, 4 mM NaH2PO4,
1 mM phenylmethylsulfonyl fluoride [PMSF], 2 mM benzamidine, supple-
mented with protease inhibitors [Complete, EDTA-free, Roche Diagnostics,
Indianapolis, IN]) was used to extract soluble proteins from 40 ml early log
phase culture. Cell extracts were clarified by centrifugation at 14,000 rpm for
10 min at 4°C. For each immunoprecipitation experiment, 500 l of soluble
protein was incubated with 5 l of -GFP antibodies for 1 h at 4°C. Sepharose-
Protein A beads (100 l, Amersham Biosciences, Piscataway, NJ) were added
to the antigen-antibody immunocomplex and incubated for 45 min at 4°C.
After six washes, beads were resuspended in SDS-PAGE loading buffer and
heated at 95°C for 5 min.
To detect Myc or GFP-tagged Pal1p and Sla2p proteins were separated on
8% SDS-polyacrylamide gels (Mini-protein II system; Bio-Rad Laboratories,
Richmond, CA) at 120 V for 1 h and transferred (Trans-Blot system; Bio-Rad
Laboratories) at 90 V for 1 h to a PVDF membrane (Millipore Co., Bedford,
MA). The membrane was blocked with 5% nonfat milk in phosphate-buffered
saline-Tween 20 (137 mM NaCl, 2.7 mM KCl, 10 mM Na2HPO4, 2 mM
KH2PO4, 0.05% Tween 20, pH 7.4) for 1 h at room temperature or overnight
at 4°C. Primary -GFP (Molecular Probes) and -Myc (Sigma, St. Louis, MO)
antibodies were used at 1:2000 dilutions. Peroxidase-conjugated -rabbit and
-mouse IgG (Sigma) were used at 1:4000 dilutions, and the chemilumines-
cent signal was detected using a 1:1 mixture of ECL1 (2.5 mM 3-amin-
ophytaldrazide dissolved in dimethyl sulfoxide (DMSO), 0.4 mM p-coumaric
acid, 100 mM Tris-HCl, pH 8.5), and ECL2 (0.02% H2O2, 100 mM Tris-HCl, pH
8.5; Schneppenheim et al., 1991).
Microscopy
Fluorescence microscopy was done as described by Balasubramanian et al.
(1997). Cells were fixed with 7% formaldehyde to visualize F-actin structures
Table 1. Yeast strains used in this study
Name Genotype Source
MBY102 ade6-210 ura4-D18 leu1-32 h Lab collection
MBY103 ade6-216 ura4-D18 leu1-32 h Lab collection
MBY169 wee1-50, leu1-32, h Lab collection
MBY192 ura4-D18 leu1-32 h Lab collection
MBY1186 sph2-3 ade3-58 h90 Matthias Sipiczki
MBY1247 tea1::ura4 rlc1-GFP::leu1
leu1-32 ura4-D18 ade6-210 h
Lab collection
MBY2204 pal1-GFP::ura4 ura4-D18 leu1-
32 h
This study
MBY2211 pal1::ura4 ura4-D18 leu1-32 h This study
MBY2219 pal1-GFP::ura4 cdc25-22 This study
MBY2220 pal1-GFP::ura4 mid1::ura4 This study
MBY2233 pal1::ura4, wee1-50, ura4-D18 This study
MBY2237 pal1::ura4 ade6-210, h This study
MBY2238 pal1::ura4 ade6-216, h This study
MBY2239 pal1::ura4 ade6-216, h This study
MBY2240 pal1-GFP::ura4 h This study
MBY2249 orb2-34 pal1-GFP::ura4 This study
MBY2250 orb3-167 pal1-GFP::ura4 This study
MBY2253 tea1::ura4 pal1-GFP::ura4 This study
MBY2260 pal1::ura4 tea1::ura4 This study
MBY2262 pal1::ura4 expressing -tubulin
GFP plasmid (pCDL646)
This study
MBY2264 pal1::ura4 tea1-YFP::Kanr This study
MBY2327 sla2-GFP::ura4 ura4-D18 leu1-
32 h
This study
MBY2335 orb6-25, wee1-50 This study
MBY2336 nda3-KM311 pal1-GFP::ura4 This study
MBY2338 pal1-GFP::ura4 ade6-210 leu1-32
ura4-D18 h90
This study
MBY2354 pal1-13Myc::ura4 ade6-210 ura4-
D18 leu1-32 h
This study
MBY2357 sla2-GFP::ura4 pal1::ura4 This study
MBY2360 sla2-GFP::ura4 pal1-13Myc::ura4 This study
MBY2451 sla2-13Myc::ura4, ade6-210 ura4-
D18 leu1-32 h
This study
MBY2463 sla2-13Myc::ura4, pal1-GFP::ura4 This study
MBY2524 sla2:: ura4 h This study
MBY2532 pal1-GFP::ura4, sla2::ura4 This study
MBY2655 cdc13-YFP, pal1::ura4 This study
MBY2784 pTN-L1-sla2 plasmid in sla2::ura4 This study
MBY2785 pTN-L1-pal1 plasmid in
sla2::ura4
This study
MBY2786 pTN-L1 plasmid in sla2::ura4 This study
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using Alexa Fluor-488 phalloidin (Molecular Probes). For immunofluores-
cence studies, cells were fixed with 7% formaldehyde. To detect Sla2p-GFP,
Cdc4p, and microtubules, antibodies against GFP, Cdc4p, and -tubulin (a
gift from Dr Keith Gull) were used. -rabbit and -mouse IgG-conjugated
with either Alexa Fluor-594 or Alexa Fluor-488 (Molecular Probes) were used
as the secondary antibodies. Aniline blue and Calcofluor were used to stain
cell wall. DNA was stained with 4,6-diamidino-2-phenylindole (DAPI). Cells
were observed using a Leica DMLB microscope (Deerfield, IL) and images
were captured using a Photometrics CoolSNAP ES camera (Tucson, AZ).
MetaVue software (Universal Imaging, West Chester, PA) was used to acquire
images and the images were then assembled in Photoshop 7.0 (Adobe Sys-
tems, San Jose, CA). For time-lapse microscopy, cells were concentrated from
early log phase culture and spotted on a glass slide containing an agar pad
with appropriate medium. The time-lapse analysis was conducted at room
temperature (22–24°C) using the Leica DMLB microscope. Assembly of im-
ages was done using ImageJ 1.32 (National Institutes of Health, Bethesda,
MD). For confocal microscopy, cells were observed under the Zeiss Meta
Inverted Laser Scanning Confocal microscope (LSM510; Thornwood, NY).
Image acquisition was done at the excitation wavelength of 488 nm with 3–4%
of the laser intensity. For electron microscopy, cells were processed as de-
scribed in Wang et al. (2002).
Density Gradient Centrifugation
S. pombe cells were grown in YES at 30°C to OD595  0.5. Cells were harvested
and broken using glass beads and total proteins were extracted in 300 l TNE
buffer (50 mM Tris-HCl [pH 7.4], 150 mM NaCl, 5 mM EDTA, 1 mM PMSF,
supplemented with protease inhibitors [Complete, EDTA-free, Roche Diag-
nostics]). The lysate was cleared from cell wall debris by low-speed centrif-
ugation (200  g). To the supernatant, Optiprep (Axis-Shield, Oslo, Norway)
was added to a final concentration of 40%, overlaid by 1300 l of 30%
Optiprep in TNE and 100 l TNE. Samples were centrifuged for 2 h at 55000
rpm at 4°C in a Beckman TLS55 rotor (Fullerton, CA), and six equal fractions
were collected from top to bottom of the gradient. Proteins were precipitated
using methanol/chloroform (Wessel and Flugge, 1984), and the pellets were
dissolved in SDS sample buffer. Protein concentration was determined using
amidoblack (Popov et al., 1975) against bovine serum albumin as a standard.
For Western blotting, equal volumes of each fraction were separated on 10%
SDS-polyacrylamide gels (Laemmli, 1970) and immunoblotted with -GFP
(Molecular Probes), -Pma1p and -Cdc8p antibodies.
RESULTS
A Novel Membrane-associated Protein, Pal1p, Localizes
to the Sites of Active Growth and Cell Division
We identified a gene, pal1 (pears and lemons; encoded by
SPCP1E11.04c), based on its homology to a novel uncharac-
terized ORF from budding yeast (YDR348c). This gene was
chosen because its protein product localizes to the cell divi-
sion site, as determined from a large-scale effort aimed at
cataloging the intracellular localization of all budding yeast
proteins (Huh et al., 2003). Proteins related to Pal1p were
detected in several ascomycetes. Figure 1A shows the align-
ment of the conserved part of the amino acid sequence of
Pal1p with related members from S. cerevisiae, Magnaporthe
grisea, and Neurospora crassa. Proteins related to Pal1p are
variable in length and share an 160 amino acid region of
high similarity, which ends roughly 100 amino acids from
the C-termini of these proteins (Figure 1B). Proteins related
to Pal1p were not readily identified in plants and metazoans.
To determine the intracellular distribution of Pal1p, we
fused the ORF to DNA sequences encoding the GFP. The
sole copy of the gene encoding the Pal1p-GFP fusion was
expressed under the control of the native promoter se-
quence. Pal1p showed a cell cycle-dependent intracellular
distribution (Figure 1C). Pal1p was detected at one end of
Figure 1. Identification of Pal1p in fission
yeast. (A) Schizosaccharomyces pombe Pal1p is
aligned with S. cerevisiae YDR348cp, Magna-
porthe grisea MG02779.4, Neurospora crassa
NCU00687.1. Identical amino acids are
shaded in black and similar amino acids are
shaded in gray. (B) Schematic representation
of the homology between Sp.Pal1p and other
related proteins. Identities (%) and the num-
ber of amino acids in parentheses are indi-
cated in the conserved region. (C) Localiza-
tion of Pal1p in wild-type cells. Cells
expressing functional GFP-tagged Pal1p
grown on YES plates were visualized by flu-
orescence microscopy. Pal1p localizes to the
growing end(s) during monopolar and bipo-
lar growth (cells 1 and 2) and to the medial
cell division site during cytokinesis (cells
3–6). Scale bar, 5 m. (D) Detection of Pal1p.
Total cell extracts were prepared from the
pal1-GFP (lane 1) and wild-type (lane 2)
strains and were subjected to SDS-PAGE and
immunoblotted using -GFP antibody. (E)
Pal1p is a membrane associated protein. Total
cell extracts prepared from the pal1-GFP
strain were fractionated by density gradient
centrifugation. The fractions obtained were
subjected to SDS-PAGE and immunoblotted
using -GFP, -PMA1, and -Cdc8p antibod-
ies. Lanes 1–6 show the different fractions
from top to bottom of the density gradient.
W. Ge et al.
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the cell in a small proportion of uninucleate cells (Figure 1C;
cell 1) and was visualized at both ends of the vast majority
of uninucleate cells (Figure 1C; cell 2). In cells undergoing
cytokinesis, Pal1p-GFP was present at the medial cell divi-
sion site (Figure 1C; cells 3–6). Thus Pal1p localizes to the
cell tips in interphase and to the division site during mitosis
and cytokinesis.
In most cases the Pal1p-GFP signal appeared to be closely
associated with the cell periphery, suggesting a possible
membrane association of this protein. To test if Pal1p was
membrane associated, we carried out membrane prepara-
tions from a strain expressing GFP-tagged Pal1p. In dena-
turing lysates, Pal1p-GFP was detected as a single band of
75 kDa, consistent with the predicted size of this fusion
protein (Figure 1D). This band was absent in a wild-type
strain in which Pal1p was not tagged with the GFP epitope,
establishing that the 75-kDa band was the product of the
pal1-GFP encoding gene. Interestingly, upon preparation of
a membrane fraction by density gradient centrifugation, a
significant portion of Pal1p was found to cosediment at the
top of the gradient (Figure 1E) in a fraction that contained
other known membrane proteins such as plasma membrane
ATPase Pma1p (Serrano et al., 1993), whereas a significant
fraction also comigrated with Cdc8p, a known soluble pro-
tein related to tropomyosins (Balasubramanian et al., 1992).
The sedimentation studies suggested that a part of Pal1p
was membrane associated.
Pal1p Localizes to Growth Zones Independent of F-actin
and Microtubules
The fact that Pal1p was detected at one or both ends sug-
gested that Pal1p localizes to the actively growing end(s). In
the orb2-34 mutant grown at the permissive temperature
(known to grow only at the old end; Verde et al., 1995),
Pal1p-GFP was detected at the growing end as determined
by costaining with the cell wall stain aniline blue (Figure 2A,
a and b). Pal1p-GFP was detected at both ends of heat-
arrested cdc25-22 cells that are known to grow in a bipolar
manner (Figure 2B). Pal1p-GFP was found to be localized to
a larger region of the cell cortex in spherical and isotropi-
cally growing mutants such as orb2-34, orb3-167, orb6-25 at
the restrictive temperature (Figure 2C; unpublished data for
orb2-34 and orb6-25) and was detected at the additional tips
generated in a tea1 mutant (marked with arrows in Figure
2D). Furthermore, Pal1p-GFP localized to the mispositioned
septa in a mid1 mutant (Figure 2E). Taken together, these
data suggested that Pal1p localizes to sites of polarized
growth and secretion.
Fission yeast cells are known to reinitiate polarized
growth toward a mating partner of opposing mating type.
This growth occurs in random directions, determined by
the position of the mating partner (Nielsen and Davey,
1995). During mating, Pal1p-GFP was detected at the zone
of cell fusion (Figure 2F). Thus, Pal1p localizes to sites of
Figure 2. Pal1p localizes to the sites of cell
growth and division in an F-actin- and micro-
tubule-independent manner. Different strains
with functional GFP-tagged Pal1p were
grown on YES agar plate at 24°C and then
shifted to 36°C for 6 h. (A) orb2-34 at 24°C; a
shows Pal1p-GFP; b shows aniline blue stain-
ing; (B) cdc25-22 at 36°C; (C) orb3-167 at 36°C;
(D) tea1; (E) mid1; (F) Pal1p localizes to the
zone of cell fusion in the h90 strain. (G) Role
of F-actin in Pal1p localization. cdc25-22 pal1-
GFP cells were blocked for 4 h at 36°C in YES
medium and then released to 24°C into me-
dium containing 15 M Lat A or DMSO. Cell
samples were taken at different time points (a,
60 min; b, 60 min; c, 120 min; d, 180 min) after
release and visualized by fluorescence mi-
croscopy. (H) Role of microtubules in Pal1p
localization. nda3-KM311 pal1-GFP cells were
grown on a YES agar plate at 32°C for 1 d and
shifted to 19°C for 6 h. Scale bar, 5 m.
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polarized growth and secretion in vegetative and mating
cells.
Given that both the F-actin and microtubule cytoskel-
etons are important for proper polarized growth and cell
division, we studied the role of F-actin and microtubule
cytoskeletons in the localization of Pal1p-GFP to the cell
tips and the cell division site. To test the role of F-actin in
assembly and maintenance of Pal1p at the cell tips and the
division site, a cdc25-22 strain was arrested at the G2/M
boundary by shift to the restrictive temperature. Cells
were then treated with Lat A to cause eventual loss of all
F-actin structures and returned to the permissive temper-
ature to allow resumption of the mitotic cycle. Cells were
treated with the solvent DMSO as a control. In DMSO-
treated cells, Pal1p was detected at the division site in
well-formed septa (Figure 2G; cell a). Interestingly, in Lat
A-treated cells, Pal1p continued to be present at the cell
tips, suggesting that maintenance of Pal1p at the cell tips
is F-actin independent (Figure 2G: cells b–d, marked with
arrows). In addition, Pal1p-GFP also accumulated at the
division site in Lat A-treated cells (Figure 2G: cells b– d,
marked with arrowheads), although Pal1p-GFP was not
organized into a proper medial ring structure in the
absence of an actomyosin ring.
To study the role of the microtubule cytoskeleton in
Pal1p-GFP localization, we arrested the cold-sensitive -tu-
bulin mutant nda3-KM311 at the restrictive temperature and
assayed the localization of Pal1p-GFP. Interestingly, Pal1p-
GFP was clearly detected at the presumptive cell division
site (Figure 2Ha; marked with arrowheads) as well as at the
cell tips (Figure 2Hb; marked with arrows). Thus, Pal1p
accumulation at the cell division site and its maintenance at
the cell tips and the division site are independent of F-actin
and microtubule function.
Pal1p Physically Interacts and Shows Overlapping
Localization with Sla2p
The budding yeast Pal1p related protein YDR348c has been
shown to copurify with Sla2p in genome-scale proteomic
analyses in S. cerevisiae (Gavin et al., 2002). We identified a
Sla2p related protein encoded by SPAC688.11 in fission
yeast (Figure 3A). S. pombe Sla2p is related to the budding
yeast Sla2p as well as human proteins HIP1 (Huntingtin-
interacting protein) and talin. All four proteins shown in
Figure 3A contain the actin-binding I/LWEQ motif. In ad-
dition, the AP180-N-terminal homology domain (ANTH
domain) is present in Sla2p from budding and fission yeasts
as well as in HIP1, but is absent in talin. To test if Pal1p
physically interacted with Sla2p, we created S. pombe
strains expressing 13-Myc tagged Pal1p, GFP-tagged Sla2p,
and both these epitope tagged-proteins. Cell lysates were
immunoprecipitated with -GFP antibodies and the im-
mune complexes were immunoblotted with -Myc anti-
bodies. Interestingly, Pal1p-Myc was immunoprecipitated
by -GFP antibodies only in cells expressing Sla2p-GFP
and Pal1p-Myc (Figure 3B). Furthermore, in strains ex-
pressing Sla2p-Myc and Pal1p-GFP, Sla2p-Myc was re-
covered in immune complexes prepared with GFP anti-
bodies (Figure 3B). Thus, Pal1p physically interacts with
Sla2p.
We then investigated the localization of Sla2p-GFP, ex-
pressed from a sole copy of the gene the under control of
native promoter sequences. In interphase cells, Sla2p was
detected as patches at the cell ends, whereas in late mitosis,
Sla2p was visualized at the medial region of the cell in
patches (Figure 3C). To address possible colocalization of
Sla2p with F-actin, cells expressing Sla2p-GFP were fixed
and stained with antibodies to GFP and Alexa-conjugated
phalloidin (Figure 3D). This experiment revealed significant
colocalization of F-actin and Sla2p. Some differences were
noted as well. First, Sla2p was detected in more patch-like
structures compared with F-actin and second, whereas F-
actin assembled at the division site early in mitosis, Sla2p
assembled at the division site in late anaphase. We conclude
that Sla2p colocalizes with a large subset of F-actin struc-
tures and displays overlapping localization with Pal1p. As
in the case of Pal1p, Sla2p localization was not altered in
cells treated with the actin polymerization inhibitor LatA
(Figure 3E) and in microtubule mutants (Figure 3F), suggest-
ing that Sla2p localized in an F-actin- and microtubule-
independent manner.
Pal1p Is Important for Maintenance of a Cylindrical
Shape
To study the phenotypes resulting from the loss of Pal1p
function, a strain in which the entire coding region of pal1
was deleted was constructed. The resultant strain, pal1::ura4
(referred to as pal1) was viable, although upon microscopic
observation several morphological abnormalities were de-
tected. The morphological phenotypes in pal1 cells were
classified into three groups; Spherical (short to long axis
ratio of 0.80 or higher; Figure 4A; cells marked with arrows),
Abnormal (pearlike appearance; Figure 4A; cells marked
with arrowheads), and Normal (cylindrical). In spherical
cells F-actin and microtubules were disorganized (Figure 4,
B and C). F-actin was detected in patches over the entire
cortex, as opposed to the pattern of localization of F-actin
patches at the cell tips observed in wild-type cells. In spher-
ical cells microtubules were observed to crisscross the cell, as
opposed to the presence of properly organized bundles of
microtubules observed in wild-type cells (Figure 4C). Thus,
the pal1 mutant is defective in maintenance of a cylindrical
cellular morphology and displays abnormally organized F-
actin and microtubules. Staining with calcofluor revealed
cell wall abnormalities in pal1 cells (Figure 4D). In wild-
type cells, intense staining is only detected at hemispherical
cell ends during growth and is observed at the division site
during cytokinesis. In contrast, in growing interphase pal1
cells, the intensity of calcofluor staining was more in the
cylindrical part than that in the hemispherical part of the
cell, suggesting that cell wall assembly was occurring at
improper sites.
Given the physical interaction between Pal1p and Sla2p,
the phenotype resulting from the loss of Sla2p function
was also examined. Strains bearing a deletion of the entire
sla2 gene were viable as reported recently by Iwaki et al.
(2004) and Castagnetti et al. (2005), although these cells
showed a higher incidence of morphological abnormali-
ties (Figure 4E) and were incapable of colony formation at
36°C (Figure 5D). sla2 cells were more spherical in na-
ture than pal1 cells. Thus, the interacting proteins Pal1p
and Sla2p are important for proper cylindrical shape
establishment and maintenance.
Pal1p and Sla2p Are Important for Cell Wall Integrity
In experiments involving calcofluor staining, we found
that the cell wall of pal1 cells was intensely fluorescent,
suggesting that the cell wall in pal1 cells might be altered
(Figure 4D). To test this, we studied thin sections of
wild-type and pal1 cells by electron microscopy. Inter-
estingly, whereas the cell wall of wild-type cells was of
uniform thickness, the cell wall in pal1 cells was signif-
icantly thicker (Figure 5A). Thus, pal1 cells assemble
abnormal cell walls. It remained possible that the spher-
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ical morphology might have resulted from improper cell
wall integrity. If this were the case, addition of an
osmolyte such as sorbitol would be expected to restore
cylindrical morphology of pal1 cells. This was found to
be the case (Figure 5B). An increased number of spherical
and abnormal cells was detected when pal1 cells were
grown in YES compared with those grown in YES
medium containing sorbitol.
We have found that Pal1p is essential in cells lacking the
kelch-repeat protein Tea1p (discussed in a later section). To
more rigorously test the conclusion that cells lacking Pal1p
exhibited abnormal cell wall integrity, we assessed the abil-
ity of exogenously added sorbitol to restore viability of pal1
tea1 double mutant. Although pal1 tea1 double mutants
were incapable of colony formation at 36°C on YES plates
(Figure 5C; top panel), the double mutants formed healthy
colonies on YES plates containing 1.2 M sorbitol (Figure 5C;
top panel). Microscopic examination of double mutants
grown on sorbitol-containing plates revealed the establish-
ment of a cylindrical morphology in these cells (Figure 5C;
left panel). These double mutant cells, however, displayed a
tea1 phenotype, because the osmolyte only suppressed
cell wall-associated defects. Collectively, these studies
established that the cell shape defects in pal1 cells might
Figure 3. Pal1p physically interacts with Sla2p, a Hip1-related protein in S. pombe. (A) Schematic representation of the homology between
fission yeast Sla2p and other Sla2p/Hip1p family proteins. S. pombe Sla2p (Sp_Sla2p) is aligned with S. cerevisiae Sla2p (Sc_Sla2p), Homo
sapiens Hip1p (Hs_Hip1p), Homo sapiens Tln1p (Hs_Tln1p). Identities (%) and the number of amino acids are indicated in two conserved
domains, ANTH and I/LWEQ. (B) Coimmunoprecipitation of Pal1p with Sla2p in -GFP immunoprecipitation from native cell extracts. Total
cell extracts were prepared from pal1-Myc, sla2-GFP, pal1-Myc sla2-GFP, pal1-GFP, sla2-Myc, and pal1-GFP sla2-Myc strains. The entire immune
complex prepared from 500 l of lysate and 30 l of straight-lysate were subjected to SDS-PAGE and immunoblotted with -GFP or -Myc
antibodies. (C) Localization of Sla2p-GFP in wild-type cells. Cells expressing functional Sla2p-GFP under its native promoter were grown at
30°C and visualized by fluorescence microscopy. (D) Colocalization of Sla2p-GFP and F-actin patches. Cells expressing Sla2p-GFP were
grown at 30°C and immunostained with -GFP antibody and Alexa Fluor-488-conjugated phalloidin. (E) Role of F-actin in Sla2p
localization. cdc25-22 sla2-GFP cells were blocked at 36°C for 4 h in YES medium and then released to 24°C into YES medium containing
15 M Lat A or DMSO. Cell samples were taken at different time points (a, 60 min; b, 60 min; c, 120 min; d, 180 min) after release. (F)
Role of microtubules in Sla2p localization. nda3-KM311 sla2-GFP cells were grown in YES liquid medium at 32°C and then shifted to
19°C for 6 h. Scale bar, 5 m.
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result from improper cell wall architecture. sla2 cells
were also rendered capable of colony formation at 36°C in
the presence of 1.2 M sorbitol (Figure 5D). Furthermore,
electron microscopic analyses indicated that sla2 cells con-
tained abnormally thickened cell walls (Figure 5A), as ob-
served in the pal1 cells. These studies established that cells
lacking Pal1p and Sla2p contained abnormal cell walls and
the morphological phenotypes resulting from the loss of
these proteins were suppressed by stabilization of the cell
wall.
Pal1p Appears to Function Downstream of Sla2p in
Promoting Polarized Growth
Given the similarity in the phenotypes of cells deleted for
pal1 and sla2, the intracellular codistribution and the phys-
ical interactions, we addressed if Sla2p depended on Pal1p
for its localization and vice versa. Sla2p localization was
relatively unaffected in cells deleted for pal1 (Figure 6A, a
and b). In contrast, the localization of Pal1p was significantly
altered in cells deleted for sla2 in two ways (Figure 6Ad).
First, a significantly elevated level of Pal1p was detected at
the cell periphery in sla2 cells (compare cells in Figure 6Ac;
wild-type and Figure 6Ad; sla2). Second, 14% of sla2
cells displayed mislocalization of Pal1p, in that Pal1p was
concentrated at the sides of the cell rather than the cell tips
or the medial division site (Figure 6Ad, marked with arrow-
heads). Finally, in spherical sla2 cells Pal1p was detected
over the entire cortex. Thus, Sla2p appears to be important
for optimal localization of Pal1p at the cell tips and the
division site and the localization dependencies suggest that
Pal1p functions downstream of Sla2p. The localization epi-
stasis was consistent with our isolation of pal1 as a high copy
suppressor of the temperature-sensitive growth and mor-
phology defects of sla2 cells. Interestingly, although sla2
cells expressing empty plasmids were unable to form colo-
nies at 36°C, cells expressing sla2 or pal1 were able to form
colonies at 36°C (Figure 6B). Furthermore, cylindrical mor-
phology was largely restored in sla2 cells carrying multi-
copy plasmids expressing pal1 (Figure 6Cc; compared with
cells in Figure 6C, a and b). sla2 cells suppressed by over-
production of Pal1p were largely incapable of new end
growth (Figure 6Cc; marked with arrow), indicating that
Sla2p function was essential for new end growth. These
experiments suggested that Pal1p might function down-
stream of Sla2p in the maintenance of a cylindrical morphol-
ogy and cell wall integrity, by participating in a subset of
Sla2p functions.
pal1 Cells Exhibit Various Growth Patterns Leading to
Different Morphologies
We have described Pal1p, a protein that interacts with Sla2p
to regulate cell wall integrity and cellular morphogenesis.
We have also described that pal1 cells exhibit a variety of
morphological phenotypes, such as spherical, abnormal
(pear shaped) and normal morphologies. We studied the
behavior of cells by time-lapse microscopy to identify
growth patterns that might shed light on the mechanism of
formation of these various morphologies. Four major
growth behaviors were noted. Cells with a cylindrical mor-
phology were capable of bipolar growth as in the case of
wild-type cells (Figure 7A). In instances where pear-shaped
abnormal cells underwent septation, a spherical and a cy-
lindrical daughter cell were generated (Figure 7B). Interest-
ingly, we found that the spherical daughter cells made a
cylindrical outgrowth and generated a tip at or near the new
end, whereas the cylindrical daughter cell grew in either a
monopolar (growing at the old end) or bipolar manner. In
cells incapable of separation after septation, old end growth
ensued and new end (branches) growth was not observed
(Figure 7C). Finally, in instances where the two daughter
Figure 4. pal1 and sla2 cells have defects in cell morphology and cell wall. (A) Microscopic analysis of pal1 cells. pal1 cells were grown
in minimal medium at 30°C and stained with DAPI to visualize DNA. Arrows, spherical cell; arrowheads, abnormal shaped cell. (B) pal1
cells were grown in minimal medium, fixed, and stained with Alexa Fluor-488-conjugated phalloidin to show the F-actin localization. (C)
pal1 cells expressing GFP--tubulin were used to visualize interphase microtubules. (D) Wild-type and pal1 cells were grown in YES liquid
medium and stained with Calcofluor. (E) Morphology of sla2 cells. sla2 cells were grown in YES supplemented with 1.2 M sorbitol, washed,
and reinoculated into YES medium for 6 h at 30°C, fixed, and stained with aniline blue and DAPI to visualize division septa and nuclei,
respectively. Scale bar, 5 m.
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cells were born with a pear shape (Figure 7D), both daugh-
ters grew from the old ends and did not grow from the new
ends. These studies indicated that pal1 cells were capable
of both old and new end growth, but that old end growth
was more common. The exception to this was in spherically
born pal1 cells that preferentially grew either at or near
the new ends. These observations also provided a partial
explanation for the mixture of phenotypes observed in pal1
cells.
Spherical pal1 Cells Polarize in G2 to Establish Pear-
shaped Morphology
Interestingly, we found that spherical binucleate cells were
rarely (1%) seen, whereas 6% of the uninucleate cells
were spherical in appearance (Figure 8A). The vast majority
of uninucleate and binucleate cells were abnormal (pear
shaped) in appearance (Figure 8A; 	60% in both cases). The
fact that spherical cells were rarely detected with two nuclei
suggested that a mechanism might exist to polarize spheri-
cally born pal1 cells before mitosis. To test if this was the
case, spherical pal1 cells were imaged by time-lapse mi-
croscopy (Figure 8B). Twelve of 15 spherical cells imaged
underwent polarized growth, leading to the attainment of a
pear-shaped morphology. Cells shown in Figure 8B were
found to establish a partially cylindrical morphology and
assemble division septa, indicative of successful completion
of mitosis. To determine if the polarization of spherical cells
took place in interphase (as opposed to during mitosis), we
followed the repolarization in pal1 cells expressing
Cdc13p-YFP (Figure 8C). Cdc13p, the predominant B-type
cyclin in fission yeast accumulates in the nucleus in inter-
phase and is transferred to the mitotic spindle and the
spindle pole body in metaphase before eventual degradation
at anaphase A (Decottignies et al., 2001). We found that the
polarization in spherical cells always occurred in cells in
which Cdc13p-YFP was detected in the nucleus, suggesting
that the polarization event occurred in interphase, and pos-
sibly in G2, because this phase represents the majority of
interphase in fission yeast. We then addressed if shortening
of the G2 phase abrogated polarization of spherical pal1
cells. To this end, double mutants of the genotype pal1
wee1-50 were constructed. Wee1p regulates timing of entry
into mitosis by inhibitory phosphorylation of Cdc2p and
wee1 mutants exhibit a shortened G2 phase. Interestingly, we
Figure 5. pal1 and sla2 cells have abnormally thick cell wall and are rescued by growth on sorbitol. (A) Exponentially growing wild-type,
pal1, and sla2 cells were processed for thin section electron microscopy. Electron micrographs of wild-type, pal1 cells, and sla2 cells are
shown in the left, middle, and right panels, respectively. Scale bar, 1 m. (B) Morphology of pal1 mutants is suppressed by sorbitol. pal1
cells were grown in YES and YES plus 1.2 M sorbitol medium. Cells were stained with DAPI and visualized by fluorescence microscopy. (C)
pal1 phenotype can be suppressed by sorbitol in pal1 tea1 mutant. pal1 tea1 and wild-type cells were grown on YES plate with or
without 1.2 M sorbitol for 2 d at 36°C (top panel). Cells from the plates were stained with aniline blue to visualize the cell shape (bottom
panel). (D) Ability of sla2 cells to form colonies on YES supplemented with sorbitol. Wild-type and sla2 cells were streaked on YES plates
with or without sorbitol and incubated at 32°C for 3 d. Scale bar, 5 m.
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found that pal1 cells displayed synthetic lethality in com-
bination with wee1-50 at 36°C (Figure 8D) and nearly 40% of
binucleate cells were spherical in shape (Figure 8, E and F),
whereas 6% of binucleate wee1-50 single mutants were
spherical in morphology (Figure 8F). We therefore conclude
that spherical pal1 cells polarize and achieve a partially
cylindrical morphology before entry into mitosis in a
Wee1p-dependent manner.
Figure 6. Dependency relationships be-
tween Sla2p and Pal1p. (A) Cells expressing
functional GFP-tagged Sla2p in wild-type (a)
and pal1 (b) backgrounds were grown in
YES liquid medium and imaged by laser scan-
ning confocal microscopy. Cells expressing
functional GFP-tagged Pal1p in wild-type (c)
and sla2 (d) backgrounds were grown in
YES liquid medium supplemented with sor-
bitol and imaged by laser scanning confocal
microscopy. Scale bar, 5 m. (B) Viability of
sla2 cells at high temperature is suppressed
by multiple copies of pal1. sla2 cells carrying
pal1 or sla2 plasmid were streaked on minimal
medium without leucine supplement and
were grown at 24°C (a) and 36°C (b) for 3 d.
sla2 transformed with the empty vector,
pTN-L1, was included as a control. (C) Micro-
scopic analysis of sla2 cells transformed with
vector (a), sla2 (b), and pal1 (c) plasmids. sla2
cells carrying vector, sla2, and pal1 plasmids
were grown in minimal medium without
leucine supplement at 24°C, shifted to 36°C
for 8 h, and then stained with Calcofluor.
Scale bar, 5 m.
Figure 7. Growth patterns of pal1 cells.
pal1 cells (	5 for each morphology) were
imaged by time-lapse light microscopy on
minimal medium agar pads at room temper-
ature. (A) Bipolar growth pattern of a cylin-
drical cell. (B) Pattern of growth of the spher-
ical and cylindrical cell generated by division
of a pear-shaped cell. Note that the spherical
cell generates a tip at or near the new end. (C)
Pattern of growth of cells defective in separa-
tion. Note the old end growth and no new
end (branching) growth. (D) Pattern of
growth of pear-shaped cells generated by cell
division. Note that both daughters carry out
old end growth. Scale bar, 5 m.
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Kelch-repeat Protein Tea1p Is Required for Polarization
of Spherical pal1 Cells
We have shown that spherically shaped pal1 cells polarize
in G2 and become abnormally shaped with a clearly defined
long and short axis before septation. We noticed that micro-
tubules converged into the newly forming cylindrical pro-
jections that assemble on the spherical cell bodies (Figure
9A). The microtubule cytoskeleton is important for ensuring
proper antipodal growth, although it is not required for
establishment of cylindrical morphology (Beinhauer et al.,
1997; Mata and Nurse, 1997; Sawin and Nurse, 1998; Brown-
ing et al., 2000). It was possible that microtubules were
important for the establishment of cylindrical morphology
in spherically born pal1 cells. Preliminary experiments re-
vealed that pal1 cells were hypersensitive to low doses of
MBC (8 g/ml) and that pal1 cells were mostly spherical
under these conditions (unpublished data). These observa-
tions suggested that the microtubule cytoskeleton is impor-
tant for establishment of a cylindrical morphology in spher-
ical mutants such as pal1.
Previous studies have established a strong (but not abso-
lute) requirement for the microtubule cytoskeleton in local-
izing the polarity factor Tea1p (Mata and Nurse, 1997; Sawin
and Nurse, 1998; Behrens and Nurse, 2002). Tea1p was
localized in several spots over the cortex in spherical pal1
cells and was detected at the ends of abnormal as well as
normal pal1 cells (Figure 9B, marked with arrows). It was
therefore possible that Tea1p was also important in the
polarization process in spherical pal1 cells. To address this
question, pal1 tea1 double mutants were constructed. Al-
though tea1 and pal1 cells were capable of growth and
colony formation at 36°C, the double mutant was unable to
form colonies at 36°C and grew poorly at 30°C (Figure 9C).
Furthermore, the percentage of spherical uninucleate and
binucleate cells increased dramatically in the double mu-
tants. Although 1% of binucleate pal1 cells were spheri-
cal, 25% of binucleate pal1 tea1 cells were spherical at
36°C (Figure 9D). Time-lapse studies performed with the
pal1 tea1 double mutants further confirmed the inability
of a majority of spherical double mutants to polarize and
these cells septated while still spherical (Figure 9E). These
experiments led to two conclusions. First, Tea1p is impor-
tant for polarization in spherical pal1 cells. Second, the loss
of both Pal1p and Tea1p has a deleterious combinatorial
Figure 8. Establishment of cylindrical mor-
phology in spherical cells of pal1. (A) Corre-
lation of cell shape and nuclear number in
pal1 cells. Cells were grown in minimal me-
dium at 30°C to log phase, fixed, and stained
with DAPI to visualize DNA. At least 600
cells each were counted for uninucleate and
binucleate categories. (B) Time-lapse analysis
of the growth of pal1 mutant. Cells were
imaged by time-lapse light microscopy on
minimal medium agar pads at room temper-
ature. Time in minutes is indicated on the top
right of each panel at the commencement of
observation (t  0). Cells are numbered for
tracking, a and b are used to indicate the
products of cell division. (C) Spherical shaped
pal1 cells repolarize while the Cdc13-YFP
signal is present in the nucleus. pal1 cells
expressing Cdc13-YFP were imaged by time-
lapse laser scanning confocal microscopy on
YES medium agar pads at room temperature.
(D) Wee1p is required for the viability and the
repolarization of pal1 mutant. Wild-type,
pal1, wee1-50, and pal1 wee1-50 were
streaked on YES agar plate and incubated for
2 d at 36°C. (E) Microscopic analysis of
wee1-50 and pal1 wee1-50 mutants. Cells
were stained with DAPI to show DNA. (F)
Quantification of spherical cells with one or
two nuclei in pal1, wee1-50, and pal1
wee1-50 mutants. Cultures were grown in YES
medium at 24°C to log phase and shifted to
36°C for 4 h. Cell samples were stained with
DAPI and at least 300 cells were counted for
each strain. Scale bar, 5 m.
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effect, suggesting that the formation of cylindrical morphol-
ogy is important for maximal cell viability.
Coordination between Mitosis and Cytokinesis Is Altered
in Spherical Cells
We have shown a deleterious effect upon combining pal1
with tea1. To understand the basis of this lethality, we
shifted pal1 tea1 cells to 36°C, fixed, and stained with
DAPI and aniline blue to visualize nuclei and septa, respec-
tively. As controls, pal1 and tea1 cells were used. We
noticed that a high proportion of double mutants, but not
either of the single mutants, contained both DNA masses on
one side of the division septum, leading to the production of
an anucleate and a binucleate compartment. Such abnor-
Figure 9. Tea1p is essential for the viability and repolarization of pal1 cells. (A) Microtubules converge into the cylindrical projection
during the repolarization of pal1 cells. pal1 cells expressing -tubulin GFP were grown on minimal medium agar pad at room temperature
and imaged by confocal microscopy. (B) Tea1p-YFP is spread over the cortex in spherical pal1 cells and localizes at tips generated in
spherical pal1 cells. pal1 cells expressing Tea1p-YFP were used to visualize the localization of Tea1p-YFP. (C) Wild-type, pal1, tea1, and
pal1 tea1 were streaked on YES agar plate and incubated for 2 d at 30 or 36°C. (D) Quantification of the percentages of spherical cells with
one or two nuclei in pal1, tea1, and pal1 tea1 mutants. Cultures were grown in YES medium at 24°C to log phase and shifted to 36°C
for 6 h. Cell samples were stained with DAPI and at least 300 cells were counted for each strain. (E) The growth of pal1 tea1 was imaged
by time-lapse light microscopy on YES agar pads at room temperature. Time is indicated in minutes from the beginning of observation (t 
0). Cells are numbered for tracking, a and b are used to indicate the daughter cells produced after cell division. (F) Microscopic analysis of
pal1 tea1 cells. Cells were stained with DAPI and aniline blue to visualize DNA and septum. Arrowheads indicate the septum. (G)
Quantification of the percentages of spherical cells with properly positioned septum in between two nuclei or misplaced septum. (H)
Localization of Cdc4p in pal1 tea1 double mutant. Exponentially growing cells were fixed with formaldehyde, processed for immunoflu-
orescence, and stained with DAPI to visualize DNA, -Cdc4p to visualize actomyosin ring, and -TAT1 to visualize microtubules. Merge
shows that the mitotic spindle (green) is not aligned properly with respect to the Cdc4p ring (red). (I) Septum is misplaced in different
spherical mutants. pal1 wee1-50 and orb6-25 wee1-50 mutants were grown in YES medium at 24°C and shifted to 36°C for 5 h. sph2-3 cells
were cultured in YES medium at 30°C. sla2 and pal1 tea1 mutants were grown in YES supplemented with 1.2 M sorbitol at 24°C and
shifted to 36°C for 5 h. Scale bar, 5 m. Except for sorbitol-grown pal1 tea1, in which abnormal cells were counted, the phenotype in
spherical cells is indicated.
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mally septated cells did not separate to produce anucleate
and binucleate daughters (Figure 9, F and G). pal1, tea1,
and pal1 tea1 cells were also fixed and stained with anti-
bodies against Cdc4p and -tubulin to visualize the actomy-
osin ring and microtubules. Normally the actomyosin ring
and the anaphase B spindle are aligned at right angles to
each other. Interestingly, in spherical cells of the double
mutant this alignment was severely altered and strikingly
some spindles did not intersect the plane of the actomyosin
ring at all (Figure 9H), whereas in other cells the spindle was
not placed perpendicular to the actomyosin ring. To estab-
lish that these defects in spatial regulation of cytokinesis
were due to a spherical cell shape and not due to tea1 in the
background, a variety of spherical mutants were scored for
coordination of planes of mitosis and cytokinesis (Figure 9I).
The mutants included pal1 wee1-50, sph2-3 (Sipiczki et al.,
2000), sla2, and orb6-25 wee1-50. We found that the mitotic
and cytokinetic planes were not coordinated in spherical
cells that were genotypically tea1 as well as tea1, although
the extent of defects varied in these strains. Finally, defective
spatial regulation of cytokinesis in the pal1 tea1 double
mutant was almost completely suppressed by growth in
medium containing sorbitol (Figure 9I). These experiments
suggested that a spherical morphology does not allow for
optimal spatial regulation of cytokinesis.
DISCUSSION
In this study we describe a mechanism of cellular polariza-
tion leading to the formation of a cylindrical cellular mor-
phology in fission yeast. We describe the role of a novel
protein Pal1p and its binding partner, Sla2p/End4p in cel-
lular polarization, by modulation of cell wall integrity. Sec-
ond, from the study of division patterns in pal1 cells, we
describe an alternate pathway leading to cellular polariza-
tion in the absence of Pal1p. Finally, we show that a cylin-
drical morphology is important for spatial coordination of
cytokinesis. We discuss these points in the subsequent sec-
tions.
Pal1p, a Novel Protein that Localizes to the Growing Cell
Ends and the Division Site
We identified Pal1p as a relative of the budding yeast un-
characterized ORF, YDR348c, which has been shown to lo-
calize to the bud neck (Huh et al., 2003). Pal1p-related pro-
teins are found in fungi, but not in plants or metazoans. As
with the budding yeast YDR348c gene product, Pal1p is also
detected at the cell division site. Interestingly, Pal1p is in
addition detected at the growing ends of the cell. The local-
ization of Pal1p is independent of F-actin and microtubule
functions. The localization of Pal1p to the growing ends was
established by its restriction to the growing end in cells
growing in a monopolar manner and to both ends in G2
arrested cdc25-22 cells that grow in a bipolar manner. The
localization of Pal1p to the ectopic cell ends generated in a
tea1 mutant and the localization of Pal1p to a larger region
of the cell cortex in spherically shaped cells with no clear
long and short axis further established that Pal1p was asso-
ciated with the growth zones. Thus, Pal1p might either mark
the growth sites or be a part of the growth machinery itself
in addition to marking the growth zones. Pal1p also localizes
to the zone of cell fusion in mating cells. Thus, Pal1p func-
tion is associated with polarized growth during the vegeta-
tive life cycle and during cell fusion before meiosis.
Although the Pal1p sequence does not contain obvious
signal sequences or prenylation motifs, Pal1p-GFP localiza-
tion experiments suggested that Pal1p might be closely as-
sociated with the plasma membrane at the cell ends and the
division site. Consistent with this, Pal1p was found in the
membrane fraction in centrifugation experiments. The intra-
cellular localization of Pal1p is very similar to the distribu-
tion of sterols in fission yeast (Wachtler et al., 2003; Takeda et
al., 2004). Sterol-rich membrane-domains, termed lipid-rafts,
are insoluble when extracted with buffers containing Triton
X-100. We have been unable to ascertain the molecular
mechanism of membrane association of Pal1p and if Pal1p is
a component of lipid-rafts, given that Pal1p is only partially
solubilized in buffers containing urea, bicarbonate, and salt
(our unpublished observations) and is largely solubilized by
treatment with Triton X-100.
Pal1p and Sla2p Are Important for the Maintenance of a
Cylindrical Shape and Control Cell Wall Integrity
Cells deleted for pal1 display morphological abnormalities,
suggesting a role for Pal1p in the maintenance of cylindrical
cell morphology. Cells deleted for pal1 are largely pear-
shaped, although spherical morphology is also commonly
observed. What role might Pal1p play in cellular morpho-
genesis? The cell wall of budding and fission yeast cells
plays a key role in the establishment of proper cell morphol-
ogy. Furthermore, several spherical mutants define proteins
important for cell wall metabolism in fission yeast (Ribas et
al., 1991; Arellano et al., 1996; Hochstenbach et al., 1998;
Katayama et al., 1999; Martin et al., 2003). We have shown
abnormalities in the cell wall of pal1 cells by electron
microscopy. Excessive deposition of cell wall material was
revealed when thin sections were examined by electron
microscopy. Although excessive cell wall deposition is ob-
served in pal1 cells, it is likely that the cell wall is structur-
ally defective. This is due to our observation that the dele-
terious consequences resulting from loss of Pal1p are
effectively rescued by exogenous addition of sorbitol.
We have shown that Pal1p interacts with the Huntingtin-
interacting-protein (Hip1; Wanker et al., 1997) -related mol-
ecule Sla2p/End4p in coimmunoprecipitation experiments.
We roughly estimate that 5–10% of soluble pools of Sla2p
and Pal1p associate physically based on the coimmunopre-
cipitation assay, although it is unclear if the antibodies or
buffer conditions destabilize the interaction. Sla2p localizes
to the regions of cell growth and division and is required for
establishment and maintenance of a cylindrical morphology
(this study and Castagnetti et al., 2005). We have also shown
that cells deleted for sla2 display reduced cell wall integrity
and the growth and morphological phenotype of sla2 is
suppressed by growth on sorbitol medium. Furthermore,
cell walls of sla2 cells, like pal1 cells, were thicker in
appearance when studied by electron microscopy. Interest-
ingly, the budding yeast sla2 also displays a thickened cell
wall phenotype similar to S. pombe pal1 (Mulholland et al.,
1997; Gourlay et al., 2003). Proteins related to Sla2p have
been proposed to recruit additional molecules such as Sla1p,
leading to Arp2/3-dependent polarized actin assembly (Li,
1997; Warren et al., 2002; Gourlay et al., 2003). It is therefore
possible that Sla2p and Pal1p play a role in recruiting other
proteins to the cell tips and the cell equator to aid F-actin
assembly and to establish and maintain cylindrical morphol-
ogy by remodeling of the cell wall. Alternatively, it is pos-
sible that Pal1p and Sla2p might be important for position-
ing the growth machinery, loss of which leads to targeting of
the growth and the cell wall synthesizing machineries to
improper sites and might not directly influence F-actin func-
tion. In both cases, Pal1p might provide a link between
cellular membranes and cell polarization, given that part of
Pal1p is membrane associated. In this context, it is interest-
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ing to note that the ANTH domain of budding yeast Sla2p
interacts with membrane lipids such as phosphoinositide
(4,5) bis-phosphate (Sun et al., 2005). Future studies should
examine the regions of Pal1p and Sla2p that interact with
each other as well as with cellular membranes.
Pal1p Appears to Function Downstream of Sla2p
We have shown that Pal1p and Sla2p localize to the sites of
polarized growth and division in an actin and microtubule
independent manner (this study for Pal1p and this study
and Castagnetti et al., 2005, for Sla2p). We have also shown
that although Sla2p localizes normally in pal1 cells, Pal1p
localization is altered in cylindrical and abnormal sla2 cells.
Thus, Pal1p localization depends on Sla2p function and
might function downstream of Sla2p. Consistent with this
idea, we have shown that overproduction of Pal1p sup-
presses the colony formation defect of sla2 cells at 36°C.
The fission yeast and budding yeast Sla2 proteins are re-
quired for endocytosis (Gourlay et al., 2003; Holtzman et al.,
1993; Wesp et al., 1997; Iwaki et al., 2004). Furthermore,
Hip1R has been shown to interact with the endocytic protein
clathrin in mammalian cells (Engqvist-Goldstein et al., 1999).
Cells deleted for pal1, however, are not defective for endo-
cytosis as assayed by the uptake of the lipophilic dye FM4-64
(2 g/ml FM4-64 treatment for 30 min; unpublished data).
Additionally, overproduction of Pal1p suppresses the col-
ony formation and morphogenetic defects of sla2 cells, but
not its endocytosis defects (unpublished data). Thus, it is
likely that Pal1p is downstream of Sla2p only for a subset of
functions of Sla2p. We have also shown that sla2 cells
overproducing Pal1p are defective in new end growth as
suggested recently by Castagnetti et al, (2005). Additional
studies are required to ascertain if the Sla2p-Pal1p module
functions largely to regulate old end growth.
Polarization of Spherical pal1 Cells Involves the Kelch-
repeat Protein Tea1p
Although Pal1p is important for establishment of a cylindri-
cal morphology, the proportion of pal1 cells that are spher-
ical is low (5%). Interestingly, spherical pal1 cells with
two nuclei are only rarely observed. These observations
suggested that upon loss of Pal1p function, a second path-
way might compensate for its loss and allow polarization.
Consistent with this, the majority of pal1 cells are pearlike
in appearance. The shape change from spherical to pearlike
depends on Tea1p and occurs by formation of a “tip” at or
near the new end generated by the previous septation event.
In the absence of Tea1p, which is known to be important for
new end growth, spherical pal1 cells are unable to carry out
tip growth and over several generations the vast majority of
cells accumulate and die with a spherical morphology. A
similar mechanism also operates to alter the morphology of
spherical cells of other orb mutants such as orb3-167, ras1,
and sph2-3 (TGC, WG, and MKB, unpublished observa-
tions), suggesting that the shape correction is not unique to
pal1. Several orb mutants also exhibit synthetic lethal inter-
actions with tea1 mutants (orb3-167; TGC, WG, and MKB,
unpublished; scd1 and ras1; described by Papadaki et al.,
2002). Thus, we propose that Tea1p becomes essential in
spherical cells and that “tip” formation is the equivalent of
new end growth in such spherical cells. Our studies are
consistent with the proposal of multiple pathways of cell
polarization (Feierbach et al., 2004) and with recent studies
of Sawin and Snaith (2004), suggesting a role for Tea1p in
resetting polarity.
Previous studies have shown that Tea1p and microtubules
are important for proper antipodal growth of fission yeast
cells (Snell and Nurse, 1994; Verde et al., 1995; Mata and
Nurse, 1997; Sawin and Nurse, 1998), although they are not
required for establishment of the cylindrical morphology
per se (Sawin and Snaith, 2004). It is likely that Tea1p plays
a major role in targeting the growth machinery to the tips
generated in spherically born pal1 cells. An attractive pos-
sibility is that stochastic accumulation of Tea1p at the cell
cortex to “critical” levels might allow F-actin and cell wall
assembly, leading to tip growth. Although it seems likely
that other molecules involved in microtubule-based polar-
ization, such as Tip1p, Mal3p, Tea2p, Pom1p, Tea3p, and
Tea4p (Bahler et al., 1998; Brunner and Nurse, 2000; Arellano
et al., 2002; Browning et al., 2003; Busch and Brunner, 2004;
Martin et al., 2005) should become essential when cylindrical
morphology is compromised, future studies should estab-
lish if this is indeed the case.
Spherical Morphology Leads to Loss of Spatial
Regulation of Cytokinesis
We have shown that pal1 tea1 double mutants are unable
to form colonies under conditions in which both parents are
capable of colony formation. Double mutants of the geno-
types scd1 tea1 and ras1 tea1 have also been shown to
display a synthetic lethal defect, although the basis of this
lethality has not been fully characterized (Papadaki et al.,
2002). We have shown that the spherical pal1 tea1 cells are
unable to spatially coordinate mitosis and cytokinesis fre-
quently, leading to the formation of a septated-binucleate
cell in which both nuclei are placed on one side of the
septum. Such defects are observed in spherical cells that are
genotypically tea1 (pal1 wee1-50, sla2, sph2-3, orb6-25
wee1-50) as well as tea1 (pal1 tea1 and orb3-167 tea1;
unpublished data for orb3-167 tea1). Furthermore, 5% of
cytokinetic events are spatially impaired in pal1 tea1 cells,
whose morphology is suppressed in medium containing the
osmolyte sorbitol. We propose that it is the spherical shape,
rather than the absence of Tea1p that leads to the observed
defects in spatial regulation of cytokinesis, although a role
for Tea1p in ring positioning in certain genetic backgrounds
cannot be ruled out, given the low percentage of cells with
spatial defects in cytokinesis in sorbitol suppressed pal1
tea1 mutants. It is likely that the lethality of spherical
mutants defining essential genes (such as mor2, orb6, mob2,
bgs3, etc.) might in part result from defective spatial coordi-
nation of cytokinesis, in addition to possible defects in cell
wall assembly (Verde et al., 1998; Hirata et al., 2002; Hou et
al., 2003; Martin et al., 2003). Interestingly, mutants defining
genes important for division site placement, such as mid1
and pom1 (Chang et al., 1996; Sohrmann et al., 1996; Bahler
and Pringle, 1998) are viable. It is possible that the cylindri-
cal morphology of cells of the division site selection mutants
(such as mid1 and pom1) might largely ensure that mitotic
events lead to the production of daughters with one nucleus
each.
Spherical Morphology and the Cell Cycle
We have shown that spherical pal1 cells polarize in inter-
phase, because polarizing cells contain an interphase array
of microtubules and cyclin B (Cdc13p) is detected in the
nucleus, as opposed to its presence on the spindle (meta-
phase) or lack of detectable localization (anaphase). We have
also shown that shortening of G2 utilizing a wee1 mutation,
leads to an increase in the number of spherical mitotic cells
and lethality. Previous studies have shown that spherical S.
pombe mutants, such as mor2, and orb6 (Hirata et al., 2002;
Verde et al., 1998) are delayed in G2 in a Wee1p-dependent
manner. This has been proposed to signify a morphogenesis
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checkpoint, although the functional end point of this check-
point mechanism has not been fully explored. An attractive
possibility is that some aspect of morphogenesis inactivates
Wee1p, leading to entry into mitosis as has been proposed
from studies in budding yeast (Lew, 2003). The formation of
a tip might represent such a morphogenetic event that re-
lieves the G2 delay. Future studies should assess if pal1
cells are delayed in G2 until tip formation and if tip forma-
tion in turn represents the functional end point upon mor-
phogenetic checkpoint activation.
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Cytokinesis is the terminal stage of the cell cycle that
forms two daughter cells from the parent cell. It
involves the assembly of a physical barrier between the
two daughter cells. An actomyosin-based contractile
ring appears to have an important role in generating
the forces necessary for cell cleavage, as well as in the
placement and formation of these physical barriers.
Recent studies in the fission yeast Schizosaccharo-
myces pombe shed new light on various aspects of
cytokinesis such as the nature of actomyosin ring, its
assembly and maintenance, the role of lipid rafts in
cytokinesis, and the regulation of septum formation at
the site of division.
The process of physical division of the cell, referred to as
cytokinesis, was the first cell-cycle event to be identified,
but it remains relatively poorly understood at the
molecular level. The process of cytokinesis allows for the
assembly of the membranous and, in some cases, cell-wall
barriers between the daughter cells. Furthermore, cyto-
kinesis ensures that the two daughter cells each have a
nucleus and sufficient cytoplasmic constituents to start
their independent lives. Many eukaryotic cells use an
actomyosin-based contractile ring to divide the mother cell
in two and to guide the formation of membranous and cell-
wall barriers between the two daughter cells [1].
The fission yeast Schizosaccharomyces pombe assem-
bles an actomyosin ring at the site of division on entry
into mitosis and divides by binary fission upon ring
constriction, in a manner similar to that observed in
animal cells. This yeast is an attractive model organ-
ism for the study of cytokinesis because of its fully
sequenced genome [2] and the availability of a large
bank of conditional mutants compromised in various
aspects of cytokinesis [3–5] (Table 1).
S. pombe cells are cylindrical and grow by polarized
membrane and cell-wall addition at the cell tips (Fig. 1).
The interphase actin cytoskeleton is composed mainly of
F-actin patches that localize to growing ends of the cell. In
several instances, these patches of F-actin appear to be
connected to cytoplasmic cables of F-actin [6]. Upon entry
into mitosis, and in parallel with bipolar spindle for-
mation, a dramatic rearrangement of the actin cytoskele-
ton occurs whereby F-actin patches are lost from cell
tips [7–9] and in the centre of the cell a ‘ring’ assembles,
composed of F-actin, myosin [7,10–18] and several other
proteins, including the formin, Cdc12p [19], IQGAP-
related protein, Rng2p [20], tropomyosin, Cdc8p [21],
PSTPIP-related proteins, Cdc15p and Imp2p [22,23]. Near
the end of anaphase, F-actin patches reappear on either
side of the ring and are thought to be important for
assembly of the division septum. Following mitotic spindle
breakdown, the actomyosin ring begins to constrict in
concert with addition of new membranes in a manner
analogous to the membrane addition-coupled constriction
of the cleavage furrow in animal cells. In fission yeast, ring
constriction is also accompanied by centripetal deposition
of the primary division septum, which is composed of
sugars such as 1,3-a-glucans, 1,3-b-glucans, 1,6-b-glucans
and a-galactomannan [24]. Subsequently, secondary septa
are deposited on either side of the primary septum before
Fig. 1. Cytokinesis in fission yeast. The onset of mitosis is characterized by a
dramatic rearrangement of the actin cytoskeleton (red), whereby F-actin patches
delocalize from cell-tips and an actomyosin-based contractile ring is formed in the
middle of the cell. As chromosome segregation proceeds, F-actin patches accumu-
late near the ring and are thought to be important for delivery of proteins for
septum synthesis. The end of nuclear division is marked by actomyosin ring con-
striction. Concomitant with this process, the plasma membrane (green) invagi-
nates and centripetal deposition of the primary septum (black) occus. Upon
addition of the secondary septum (grey) to either side, the primary septum
dissolves to generate two independent daughter cells.
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its digestion by glucanases, which results in the formation
of two individual daughter cells [11,25].
Several questions remain to be resolved in the study of
cytokinesis, particularly those concerning the assembly of
the multi-component actomyosin ring structure, its
dynamics, and its maintenance until completion of
cytokinesis. The nature of mechanisms that facilitate
and regulate targeted secretion of membrane and septal
components to the site of division and those that
coordinate all these processes to eventually form the
dividing wall are still unknown. This article highlights
some new insights from S. pombe that might be applicable
to related processes in other organisms.
The actomyosin ring
Upon entry into mitosis, fission yeast cells assemble an
actomyosin ring at the medial plane of the cell overlying
the interphase nucleus. The interphase microtubule
cytoskeleton, with stable ‘minus’ ends attached to the
nuclear envelope and dynamic ‘plus’ ends that interact
with the cell cortex, positions the interphase nucleus in the
medial region of the cell by a balance of pushing forces
exerted at the cell tips [26,27]. The position of the
interphase nucleus in turn provides the spatial cue for
ring placement in a pathway that involves Plo1p, the
S. pombe polo kinase, and a pleckstrin homology (PH)-
domain protein, Mid1p. Consistent with this, mutants in
plo1 and mid1 show defects in ring positioning and rings
are formed at random locations and at arbitrary angles in
the cell [3,4,28–30]. Mid1p resides in the nucleus in
interphase cells. Upon entry into mitosis, Plo1p-dependent
phosphorylation of Mid1p relocates it from the nucleus to
the medial region of the cortex [28,30,31]. It has been
proposed that this timely re-distribution of Mid1p might
be responsible for marking the site on the cortex for actin,
myosin and other components to assemble into a ring
structure. A complication with this model comes from the
fact that even though Mid1p is exported from the nucleus
in a Plo1p-dependent manner, a persistent broad medial
band of Mid1p has been seen in interphase cells [31]. How
this interphase band of Mid1p relates to that exported in a
Plo1p-dependent manner at mitosis and whether these
two forms of Mid1p collaborate towards ring positioning
is unclear.
A template for the ring
Once the division site is marked, how do the different
components assemble into a ring structure? Recently,
studies on myosin II led to a proposal that a myosin
II-containing progenitor structure might be a pre-existing
template for assembly of the ring [32]. Myosin II is an
essential component of the actomyosin ring. Mutants in
the gene encoding myosin II (myo2) are defective in
assembling a proper ring structure and hence fail in
cytokinesis [12,14,17]. Myosin II is also known to localize
to a ‘spot’ like structure in interphase cells [10,12]. Time-
lapse studies revealed that the myosin II-containing spot
in interphase cells moves primarily along microtubules
from the distal tip towards the medial region of the cell
[32,33]. This spot appears to originate from the constrict-
ing actomyosin ring of the previous mitotic event in several
cases and goes on to assemble a new ring at the onset of
next mitosis. Genetic ablation of the spot by inactivation of
Rng3p, a UCS-domain protein required for actomyosin
ring assembly and maintenance [34], prevents ring
assembly in the subsequent mitosis, suggesting that the
spot is important for assembly of a proper actomyosin ring.
Thus, a simple continuity of events, whereby remnants
of the actomyosin ring become a template for its assembly
in the next cell-cycle, could ensure that a cell rapidly and
efficiently assembles a complex ring structure at the onset
of each mitosis. The myosin II-containing spot is observed
in all cells before entry into mitosis. However, it is unclear
whether all the spots do indeed arise from the constricted
actomyosin ring, or whether some are assembled de novo
in interphase. In either case, it appears that the cell
prepares a template for actomyosin ring assembly in
interphase that it uses to elaborate into a ring structure
during mitosis. Consistent with this hypothesis, the
components of the spot undergo minimal turnover in
interphase. Interestingly, the formin-related protein
Cdc12p is also detected in a spot structure, but appears
to be distinct from the myosin II-containing spot [32,35].
An attractive possibility is that the formin spot might have
an important role in the assembly and nucleation of
F-actin cables, possibly in an Arp2p/Arp3p-independent
manner [36,37], and the Arp2p/Arp3p complex might have
a role in the assembly of F-actin cables and/or other F-actin
structures [6]. Arai and Mabuchi have described a series of
F-actin rearrangements, including the initial assembly of
an aster-like structure that occurs before actomyosin ring
formation [38]. In future, it will be interesting to
determine the relationship between the formin spot and
the F-actin aster.
Turnover of components
Even though the initial assembly of actin and myosin II at
the division site might involve a preexisting template
whose components undergo minimal turnover, a drastic
change in the dynamics of the components occurs once the
actomyosin ring is assembled. This has been demonstrated
by fluorescence recovery after photobleaching (FRAP)
methodologies, which show that components of the
actomyosin ring turn over at dramatically high rates.
These studies reveal that photobleaching of either the
entire ring or part of it leads to complete fluorescence
Table 1. Genes involved in various aspects of cytokinesis in S. pombe
Category Genes References
Ring positioning mid1, plo1, pom1 [4,28,30,41]
Essential ring components cdc3, cdc4, cdc8, cdc12, cdc15, rng2, rng3, myo2, act1 [10,12,14,15,17,19–21,23,34,73,74]
Non-essential ring components rlc1, myp2, fim1, ain1, crn1 [13,25,18,6,75,76]
SIN components cdc7, cdc11, cdc14, sid1, sid2, sid4, spg1, mob1 [54,55,57–64]
Cell-wall biogenesis mok1, cps1 [70–72]
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recovery in less than a minute. The proteins studied using
FRAP include: Cdc4p, Cdc8p, Myo2p and Rlc1p [32,39].
These analyses led to the conclusion that the actomyosin
ring is continuously remodeled and reassembled. Consist-
ent with this, Arc15p, a member of the actin-nucleating
Arp2p/Arp3p complex, has been detected in the acto-
myosin ring. Furthermore, assembly of F-actin at the
actomyosin ring has been demonstrated by a permeabi-
lized cell assay, which showed that assembly of F-actin at
the division site depends on the functions of proteins such
as the profilin Cdc3p, formin Cdc12p and Arp3p [39].
The elegant FRAP experiments and permeabilized cell
assays are also entirely consistent with the fact that
F-actin in actomyosin rings is disrupted by treatment with
Latrunculin A, a drug that prevents actin polymerization
by binding to monomeric actin [20,40,41]. It is unclear
whether the turnover of myosin II is simply related to the
turnover of F-actin or whether it is independently
controlled. It is also uncertain whether the turnover of
F-actin and/or myosin II has a biological function or
whether it simply reflects a physical property of these
molecules. In Saccharomyces cerevisiae, a Val159 to Asn
(V159N) mutation in actin leads to slower depolymeriza-
tion of actin filaments, resulting in reduced actin dynamics
in vivo [42]. The functional relevance of turnover of
cytokinesis-related actin structures will be an interesting
aspect to investigate. Nevertheless, FRAP studies have
unequivocally established the dynamic nature of the
actomyosin ring, a property that was previously
overlooked.
A chaperone for myosin II
Recent studies in Caenorhabditis elegans and S. pombe
suggest the existence of a molecular chaperone that
facilitates folding of the head domain of myosin II
[34,43,44]. The UCS (standing for ‘UNC-45, Cro1p and
She4p’) domain family is a group of proteins characterized
by the presence of a conserved UCS domain at their C
terminus. These proteins (UNC-45 in C. elegans, CRO1 in
Podospora anserina, She4p in S. cerevisiae and Rng3p in
S. pombe) also share a common function, as they all appear
to have essential roles in regulation of myosin and actin-
related structures [34,43–48]. Elegant in vitro biochemi-
cal studies in C. elegans show that the UCS domain of
UNC-45 binds the head region of muscle myosin and exerts
chaperone activity to enable proper folding of the myosin
head [44]. Interestingly, UNC-45 also binds to the
molecular chaperone, Hsp90 by its N-terminus, leading
to the formation of a stoichiometric ternary complex of
Hsp90, UNC-45 and myosin. Thus, a target-specific
chaperone system has been proposed where UNC-45
functions as a molecular co-chaperone for Hsp90 specifi-
cally for the assembly of myosin.
Genetic studies with the S. pombe UNC-45 homolog,
Rng3p, imply an existence of such a chaperone system in
the context of myosin assembly into the actomyosin ring
during cytokinesis [34]. Mutants in the rng3 gene fail to
assemble a proper actomyosin ring and are inviable
because cytokinesis fails [3,34]. Interestingly, rng3 mutant
alleles show strong negative interactions with only one of
the mutant alleles of myosin, myo2-E1, which encodes a
mutation in the head region of myosin. Rng3p, which is not
detected on any specific structure(s) in wild-type cells or in
18 other cytokinesis mutants (including other myosin
alleles tested), localizes to the actomyosin ring in myo2-E1
cells. Such an allele-specific interaction of Rng3p with
myosin II suggests that the myo2-E1 allele of myosin
might have a defect in proper folding of its head region,
which is exacerbated in the presence of a mutation in rng3.
In wild-type cells, Rng3p could aid rapid folding of Myo2p
into a suitable conformation competent for assembly into a
ring. In a myo2-E1 strain, Rng3p possibly remains locked
at the ring owing to its continuous attempts to fold the
mutant myosin protein. The essential role of Rng3p in
maintenance of myosin II spot integrity in interphase cells
[32] further lends support to the hypothesis that Rng3p
might be required to maintain Myo2p in an assembly-
competent state. It will be interesting to study whether
Hsp90p and Rng3p function as a chaperone complex for
myosin II assembly during cytokinesis in S. pombe.
Lipid micro-domains (rafts) in yeast
Recent studies in S. pombe and S. cerevisiae [49,50] report
the occurrence of polarization in the lipid composition of
the plasma membrane and suggest mechanisms by which
polarized membrane and cell wall addition could occur
during cytokinesis. The use of the fluorescent probe filipin,
a polyene antibiotic that forms specific complexes with free
3-b-hydroxysterols, in fission yeast cells shows the
localization of sterols to growing cell tips and to the site
of division (Fig. 2a). This distribution is cell-cycle
dependent and its sensitivity to Brefeldin A treatment
suggests a requirement for a functional secretory pathway.
Compromising the integrity of these sterol-rich domains
results in defects in actomyosin ring positioning and/or
maintenance, leading to aberrant or failed septum
deposition, implying a role for these domains in cytokin-
esis [50] (Fig. 2b). It is likely that, similar to mammalian
cells, sterol-rich yeast membranes are organized in a lipid-
ordered state and form detergent-resistant membrane
Fig. 2. Lipid rafts in fission yeast. (a) Localization of sterol-rich plasma membrane
domains at the growing cell tips and at the site of cell division. Wild-type cells
from an exponentially growing culture were briefly incubated with the fluorescent
probe filipin, a drug that binds sterols. The interphase cells showed filipin staining
at the tips, whereas cells undergoing mitosis displayed a medial band staining
coincident with plasma membrane invaginations or with the division septum.
(b) Abnormalities in cytokinesis after sterol sequestration. Deformations in sterol-
containing membranes were induced by extended incubation in filipin. After
60 min in filipin, cells exhibited a range of defects in cytokinesis as visualized by a
Cdc4-GFP marker: rings were misshapen and mispositioned, Cdc4-GFP accumu-
lated as spots in the middle of the cell or filamentous structures along the long
axis of the cell. Similar phenotypes were observed after overexpression of C-4
sterol methyl oxidase, an enzyme in the ergosterol biosynthetic pathway [50].
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domains called lipid rafts. Membranes that are insoluble
in 1% Triton X-100 (a non-ionic detergent) have been
purified from both S. cerevisiae [51,52] and S. pombe
(V. Wachtler and M. Balasubramanian, unpublished).
Lipid rafts allow for selective incorporation of some
proteins while others are excluded. This property allows
for concentration of proteins in sub-domains to facilitate
their interaction, e.g. in signaling processes or as
components of structural assemblies in the cell [53]. An
attractive possibility for the role of lipid rafts in cytokinesis
may be to set a spatial limitation for proteins that are
required to function at different regions within the plasma
membrane. Rafts may, for instance, serve to restrict the
division machinery including the cell wall and septum-
synthesizing enzymes to their respective site of action.
They may also be important for the targeting of secretory
vesicles to the division site at the time of membrane
addition. The observation that cells compromised for
integrity of these sterol-rich domains displayed actomyo-
sin ring positioning defects leads to the speculation that
proteins which directly or indirectly anchor the ring to the
plasma membrane may reside in rafts that accumulate
at the site of cell division. Identification of components
of lipid rafts in fission yeast cells that interact with the
actin cytoskeleton, the secretory machinery and the cell
wall biosynthetic enzymes should further unravel the
role of lipid-raft localized proteins in the regulation
of cytokinesis.
The dividing wall
In fungi, formation and subsequent cleavage of the
division septum mark the end of cytokinesis. The timing
of formation of the division septum coincides with the
timing of ring constriction. Detailed analyses of a large set
of mutants in S. pombe have identified a set of proteins
located at the spindle-pole bodies (SPBs) that are involved
in the regulation of septum formation. This set of proteins
forms an elaborate signal transduction cascade known as
the septation initiation network (SIN). SIN mutants fail to
form a division septum at the end of the nuclear cycle and
hence undergo multiple rounds of S and M phases to give
rise to highly elongated, multi-nucleated cells that
eventually lyse [3,5].
At the top of the cascade is a GTPase, Spg1p, that
regulates septum formation on the basis of its nucleotide
state [54]. The GTP-bound active form of Spg1p on the SPB
initiates the process of septum formation, and the signal is
transduceddown thecascade through three protein kinases:
Cdc7p, Sid1p and Sid2p [55–58]. Other proteins, such as
Sid4p, Cdc11p, Mob1 and Cdc14p, are also important for
effective signal transduction [3,56,59–63,77]. The SIN in
turn is negatively regulated by a two-component GTPase-
activating protein complex consisting of Cdc16p and
Byr4p, which converts the Spg1p GTPase from a
GTP-bound active state to a GDP-bound inactive state
[64]. Mutations in cdc16 and byr4 result in uncontrolled
septation, independent of the cell-cycle stage [65–67].
Thus, a balance of negative and positive regulators
controls the onset of septum formation (Fig. 3). However,
given that the SIN represents a signaling cascade of
protein kinases and a GTPase, it might regulate the
activity and/or localization of other molecules physically
involved in making the polysaccharide-rich division
septum.
The identification of a mutation in the gene coding for
1,3-b-glucan synthase, cps1 [68–71] provides a link
between the SIN and the division septum. Cps1p is
important for the formation of 1,3-b-glucan polymers
that constitute the primary septum. The cps1-191 mutant
fails to form a division septum and a large percentage of
cells arrest at the restrictive temperature as binucleates
with an unconstricted actomyosin ring. Cps1p localizes to
the actomyosin ring during the last stages of mitosis, when
the post-anaphase array of microtubules is formed [71],
and it remains on the constricting ring, suggesting a
mechanism of septum deposition at the constricting front
of the actomyosin ring. Localization of Cps1p to the
actomyosin ring is abolished in SIN mutants, and in
cdc16 mutants, which hyperactivate the SIN, Cps1p
localizes to the ring even in uninucleate cells that are
not in mitosis. This leads to an attractive speculation that
the SIN controls timing of actomyosin ring constriction
and septum deposition by regulating the localization of
Cps1p to the division site.
SIN regulation of septum formation requires the
presence of an intact actomyosin ring as treatment with
Latrunculin A prevents Cps1p from assembling into a
medial ring structure. Interestingly, Cps1p is a stable,
integral membrane protein that is insoluble in non-ionic
detergents. FRAP experiments show that once localized to
the medial ring, Cps1p does not diffuse freely in the plasma
membrane [71]. It is therefore possible that Cps1p
localizes to the division site using the actomyosin ring as
Fig. 3. The septation initiation network (SIN) cascade. This signaling cascade regu-
lates formation of the division septum in Schizosaccharomyces pombe. Spg1p, a
GTPase, lies at the top of the cascade and activates signal transduction in its GTP-
bound form. The GTPase activating protein (GAP) complex, Cdc16p/Byr4p, regu-
lates the activation of Spg1p. With the aid of Sid4p in complex with Cdc11p, the
signal for septum formation is transduced down the cascade via three protein
kinases, Cdc7p, Sid1p (in complex with Cdc14p) and Sid2p (in complex with
Mob1p) resulting in localization of the 1,3-b-glucan synthase, Cps1p, to the medial
actomyosin ring.
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a spatial cue and in a manner dependent on SIN activation
for the timing of assembly. It also appears likely that
Cps1p (and perhaps other cell wall biosynthetic machin-
ery) might reside in lipid-raft domains, given the detergent
insolubility of Cps1p. The 1,3-a–glucan synthase, Mok1p,
which is another component of the primary septum is also
localized to the medial ring [72], dependent on an intact
F-actin ring. It is currently unknown whether the SIN is
required for localization of Mok1p, although it seems
likely. Thus, it appears that the enzymes important for
assembly of the cell wall between the daughter cells
depend on an intact actomyosin ring and SIN signaling for
their assembly at the division site.
Concluding remarks
Recent studies in the fission yeast have led to several
unexpected findings concerning the regulation of cytokin-
esis. In future, some key questions that are sure to receive
attention include: (1) the molecular nature of the links
between the actomyosin ring and the cell membranes, (2)
the role of turnover of actin and myosin II in cytokinesis,
(3) the mechanism of assembly of membranes at the
division site, (4) the precise role of the SIN signaling
cascade and its downstream targets in establishing the
timing of cytokinesis, and (5) the role of lipid-raft domains
in cytokinesis. Many of these findings should be relevant
towards understanding cytokinesis in other organisms
as well.
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